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Description

TECHNICAL FIELD

[0001] The present invention relates to a polarization-mode dispersion detecting method, and a dispersion compen-
sation controlling apparatus and a dispersion compensation controlling method used when polarization-mode disper-
sion or chromatic dispersion of a transmission optical signal which becomes a factor of limitation on a transmission
distance of a high-speed optical signal in a very high-speed optical communication system adopting, for example, opti-
cal time division multiplexing.

BACKGROUND ART

{0002] In a trunk-line optical communication system, a system with a transmission rate 10 Gb/s (gigabit/second) is in
stage of practical application. On the other hand, there is a demand for a larger capacity of the optical communication
system with a rapid increase of an information quantity. Considered as candidates for employable system are time divi-
sion muttiplexing (including optical time division multiplexing) and wavelength division multiplexing. Particularly, in time
division multiplexing, a lot of researches on a very high-speed optical communication system with a transmission rate
40 Gbf/s (hereinafter referred to as a 40 Gb/s optical communication system) are conducted inside and outside the
country.

[0003] However, the 40 Gb/s optical communication system has a problem that a transmission distance of an optical
signal is limited since a transmission waveform is deteriorated by effects of polarization-mode dispersion and chromatic
dispersion. Namely, in this system transmission line, a chromatic dispersion value and a polarization-mode dispersion
value are factors of limitations of a transmission rate and a transmission distance. Hereinafter, results of simulation and
results of experiment on chromatic dispersion will be described with reference to FIGS. 66 through 72, and potarization-
mode dispersion will be described with reference to FIGS. 73 through 75.

[0004] Although a term "dispersion” is generally used to mean "chromatic dispersion”, when merely the term “disper-
sion” is used hereinafter, it means both "polarization-mode dispersion” and "chromatic dispersion™ unless specifically
mentioned.

[0005] First, chromatic dispersion will be schematically described. Since a chromatic dispersion tolerance (tolerance
means an allowance) is inversely proportional to the square of a bit rate, a chromatic dispersion tolerance of 10 Gb/s is
800 ps/nm, while a chromatic dispersion tolerance of 40 Gb/s is about 50 ps/nm that is one sixteenth of 800 ps/nm,
which is severer.

[0006] FIG. 66 shows a structure of an experimental system to evaluate dispersion compensation tolerance after 50
km transmission over a 1.3 pm zero-dispersion fiber (SMF: Single Mode Fiber) in 40 Gb/s optical time division muiti-
plexing (OTDM: Optical Time Division Multiplexing). Here are used a chromatic dispersion value = 18.6 ps/nmvkm, and
a total dispersion value = 930 ps/nm. A 40 Gb/s optical transmitter 121a shown in FIG. 66 is a signal light source. A
signal light intensity-modulated in an intensity modulator 121b is inputted to a receiving side (hereinafter referred to as
a receiving terminal, occasionally) over a DCF (Dispersion Compensating Fibers) 124 via the SMF 123. On the receiv-
ing side, a preamplifier 122a and a 40 Gb/s optical receiver 122b perform a demodulating process.

[0007] FIG. 67 shows a resutt of an evaluation experiment in this experimental system, wherein a transverse axis rep-
resents total dispersion quantity (unit: ps/nm) while a vertical axis represents power penalty (unit: dB). If here is required
a power penalty 1dB or less as an evaluation reference of the transmission fine, a dispersion compensation tolerance
(dispersion width) is 30 ps/nm, this value corresponding to 2 km or less in transmission using SMF. Namely, when a
repeater spacing, that is, a distance between stations, is not constant as in a ground system, it is necessary to optimize
a dispersion compensation quantity (high-accuracy dispersion, compensation of about 100%) of each repeater section.
[0008] Additionally, a chromatic dispersion value of an optical fber transmission line changes with time with a change
of laying environment such as temperature, pressure and the like. For example, in the case of a change in temperature
from -50 to 100° C, a quantity of the change in dispersion of SMF 50 km is estimated to be 16 ps/nm as shown by the
following formula:

[dispersion change quantity] = [temperature dependency of zero dispersion
wavelength}] x [temperature change] x [dispersion slope] x [transmission distance]

=0.03 ("m/° C) x 150 (° C) x 0.07 (ps/nm %/km) x 50 (km)
= 16 ps/nm

{0009] This value is more than a half of the dispersion tolerance 30 ps/nm, which has to be considered in full in system
designing. The reason is that when a temperature becomes 100° C during system operation, the value does not meet
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the reference of penalty 1 dB in the worst case, even if the dispersion compensation quantity is optimized at -50° C
when the operation of the system is started. Depending on characteristics or a structure of the dispersion compensator,
it is impossible to continuously set a dispersion compensation quantity, so that there is a case where the dispersion
compensation quantity can be set to only a value slightly deviated from an optimum value when the operation of the
system is started. In this case, the value might not meet the reference of penatty 1 dB even with a change in tempera-
ture below 150° C. )

[0010] Inthe above consideration, in order to realize a very high-speed optical communication system above 40 Gb/s,
it is necessary to first optimize dispersion equalization (dispersion compensation quantity) in each repeater section
when the system operation is started, and to secondary configure "an automatic dispersion equalization (compensa-
tion) system” optimizing dispersion equalization (dispersion compensation value) correspondingly to a change with time
of a transmission line dispersion value even during the system operation. Meanwhile, this automatic dispersion equali-
zation system is required not only in the SMF transmission system but also in the case where a 1.55 pm wavelength
dispersion shifted fiber (DSF: Dispersion Shifted Fiber) having a small chromatic dispersion value is used. Elemental
techniques for realizing the automatic dispersion equalization system are summarized into three points, (a) through (c)
below:

(a)realization of a variable dispersion equalizer (compensator);

(b)method of monitoring a chromatic dispersion value (or a total dispersion quantity atter dispersion equalization
[compensation]) of a transmission line; and

(c)method of controliing feedback optimization of a variable dispersion equalizer (compensator).

[0011] Asa method of measuring a chromatic dispersion value of an optical fiber, there has been used a pulse method
or a phase method in which light having plural different wavelengths is inputted to an optical fiber, and a group delay
difference or a phase difference in the output light is measured. However, in order to always measure dispersion during
the system operation using these methods, a set of chormatic dispersion measuring devices are required in each
repeater section. Further, in order to measure a dispersion quantity without interrupting transmission of data signal light,
it is necessary to wavelength-muitiplex measuring light having a wavelength different from that of the data signal light.

[0012] Assembling the pulse method or the phase method in an optical transmission apparatus is not realistic from
the points of view of size and economy. Further, when a wavelength different from that of the main signal light, there is
a possibility of lacking accuracy since itis necessary to perform a process to assume a dispersion value at a wavelength
of the signal light from a measured value at a wavelength of the measuring light. For this, a method being able to directly
monitor a wavelength dispersion value from the main signal light is desirable.

[0013] As this wavelength dispersion monitoring method, there has been already proposed in the Conferrence and
the like a method using a 40 GHz component intensity in a baseband spectrum of a 40 Gb/s OTDM signal and an NRZ
(Non-Return-to-Zero) signal.

[0014]) FIG. 68 shows a relationship (simulation results) between 40 GHz component intensity and eye-opening with
respect to dispersion quantity of a 40 Gb/s OTDM signal. Between two curves shown in FIG. 68, one having a pair of
peaks represents 40 GHz component intensity, while the other one having a single peak represents eye-opening,
wherein the minimum point between the pair of peaks of the 40 GHz component intensity is zero dispersion point, at
which the eye-opening is the maximum.

[0015] FIG. 69 shows a structure of an experimental system at the time of DSF 100 km transmission. Signal light is
sent from a transmitting side (hereinafter referred to as a transmitting terminal, occasionally) 131 shown in FIG. 69, and
a temperature of a fiber that is a transmission line can be changed in a thermostat 133. On a receiving side 132, a 40
GHz component intensity is measured.

{0016] FIG. 70 shows results of the experiment in the experimental system, wherein a transverse axis represents sig-
nal light wavelength, while a vertical axis represents monitor voltage at a 40 GHz component intensity. The signal light
wavelength that is the transverse axis is swept in a range from 1535 to 1565 nm [nanometer: (nano represents the
minus ninth power of 10)], while the monitor voltage represents results at three kinds of temperatures. In each of these
three kinds of waveforms, the minimum point between a pair of peaks of the waveform shows zero dispersion wave-
length, like the simulation result shown in FIG. 68. Following a change in temperature (-35 to +65° C) of DSF 100 km,
it is known that the zero dispersion wavelength is changed (0.027 nmv° C).

[0017]) FIG. 71(a) shows a relationship (simulation results) between 40 GHz component intensity and eye-opening
with respect to a dispersion quantity of a 40 Gb/s NRZ signal (a = -0.7). In FIG. 71(a), one having a plurality of peaks
represents 40 GHz component intensity, while the other one having a single peak represents eye-opening, as well. In
the case of a<0, the 40 Gb/s component intensity has the maximum peak in the vicinity of +30 ps/nm, and the monitor
value shows zero that is the minimum value in zero dispersion at the foot on the negative dispersion’s side.

[0018] FIG. 71(b) shows results of an experiment at the time of DSF 100 km transmission when a temperature is
changed from -35 to +65° C. As well as the simulation results [refer to FIG. 71(a)), the minimum value at the foot on the
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long wavelength’ s side of the maximum peak [refer to a point denoted by 134 in FIG. 71 (b)] shows zero dispersion
wavelength, and the zero dispersion wavelength is changed at 0.026 nny°C, which coincides with the results in FIG. 70.
FIG. 71(a) shows simulation results in the case of a 40 Gb/s NRZ signal (a = +0.7). FIG. 72(b) shows simulation resuits
in the case of a 40 Gb/s RZ (Return-to-Zero) signal (a = 0, Duty = 50%). In such the automatic dispersion compensation
system, it is necessary to feedback-control an operation point of a variable dispersion (equalization) compensator such
that the eye-opening becomes the maximum using the above chromatic dispersion monitor.

[0019] Next, polarization-mode dispersion (PMD: Polarization-Mode Dispersion) that is the second factor having an
effect on a transmission distance in the 40 Gb/s system will be schematically described. Polarization-mode dispersion
(PMD) is caused by that propagation delay times of polarization components (light in two modes such as TE mode and
TM mode, for example) of a light signal are different, which might generate in any optical fiber. Generally, the larger a
transmission rate of an optical signal or the longer a transmission distance of an optical signal, the larger is an effect of
polarization-mode dispersion, which cannot be ignored. It is said that some optical fibers contiguring old optical trans-
mission lines laid mainly in countries other than Japan have a large PMD value above 1 ps/km*? [picosecond/km'?2
(pico represents minus tweltth power of 10) per unit length. In the case of a short distance transmission (for example,
50 km transmission) using such optical fibers, an optical delay difference (A7) is 7 ps or larger per one time slot 25 ps
of 40 Gb/s, where an effect of polarization-mode dispersion cannot be ignored. Incidentally, this value is determined
according to a type of optical fiber, which does not depend on a transmission rate of an optical signal. Further, since it
is practically necessary to provide devices generating polarization-mode dispersion such as an optical amplifier, a
wavelength dispersion compensator and the like in an optical communication system, a transmission distance of an
optical signal is further limited.

[0020] Accordingly, in order to increase a transmission rate of an optical signal while still using an optical transmission
line having been already laid or perform long-distance in-line repeater transmission while still using an optical transmis-
sion line having been already laid, a technique of compensating polarization-mode dispersion generated in a transmit
optical signal is demanded.

(0021]  As methods of compensating polarization-mode dispersion, there are compensating methods described in
publications shown below, for example. Incidentally, it is difficult to thoroughly compensate transmit waveform deterio-
ration since mode coupling due to fluctuation of birefringence in a longitudinal direction of an optical fiber is complicat-
edly generated even with an optical fiber configuring an actual optical transmission line, moreover, the mode coupling
is changed with time due to temperature change and the like. In order to relieve transmission waveform deterioration,
methods described in publications (@ through 3 shown below are effective.

@ Method of providing a polarization controller (PC: Polarization Controller) at a transmitting terminal of an optical
signal, feeding back transmission characteristic from the receiving terminal so as to control a splitting ratio y of an
optical intensity to two polarization modes to be 0 or 1 (J.H. Winters et al., "Optical equalization of polarization dis-
persion”, SPIE Vol.1787 Multigigabit Fiber Communications, 1992, pp.346-357).

@ Method of providing a polarization controlier and a polarization maintaining fiber (PMF: Polarization Maintaining
Fiber) at a receiving terminal of an optical signal, and controlling the polarization controller to give a delay differ-
ence (fixed value) between two polarization modes of an inverse code to an optical transmission line (T. Takahashi
et al.,, "Automatic compensation technique for timewise fluctuating polarization-mode dispersion in in-line amplifier
systems”, Electro.Lett., vol.30, No.4, 1994, pp.348-349); and

@ Method of providing a potarization controller, a polarization beam splitter (PBS: Polarization Beam Splitter),
photo receivers receiving two optical signal componerts split by the polarization beam splitter, and a variable delay
element giving a delay difference between two electric signals obtained by the photo receivers to control the polar-
ization controller and the variable delay element (T. Ono et al., "Polarization Control Method for Suppressing Polar-
ization-mode Dispersion Influence in Optical Transmission Systems”, J. of Lightwave Tecnol., vol.12, no.5, 1994,
Pp.891-898).

[0022] Inany of these methods @) through @), it is necessary to detect a state of polarization-mode dispersion at a
receiving terminal of an optical signal to perform a feed-back control. Howaever, there is required not a complicated
method using a result of detection of a code error rate or the like but a technique of easily detecting a state of polariza-
tion-mode dispersion. Such an optical communication systems will be required in future that a bit rate, a transmission
distance, a signal modulation format and the like can be freely changed. For this, even in a technique of compensating
polarization-mode dispersion, it is required to comply with fluctuations of a state of polarization-mode dispersion gen-
erated in a transmission line.

[0023] FIG. 73 shows an experimental system for studying transmission waveform deterioration of a 40 Gb/s signal
by PMD. An optical intensity splitting ratio (or an optical power ratio) v of each polarization component of signa! light sent
out from a transmitting side 133 shown in FIG. 73 is changed in a polarization controller 134, the signal light is added
PMD generated in a transmission line in a PMD emulator (PMD emulator) 135 and demodulated in a receiving terminal
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136. The PMD emulator 135 simulates PMD generated in the transmission line, wherein a commercially available PMD
emulator is used. Principles upon which the PMD emulator 135 operates are as follows. Namely, the signal light is split
into two polarization components by the polarization beam splitter (PBS) 135a shown in FIG. 73, one of which is given
an optical delay difference At (ps) in an optical delay device 135b, the other of which is given a loss in an optical attan-
uator 135 such that optical losses in the both optical paths are equal. Further, they are multiplexed while they are still
in an orthogonal state by a polarization beam splitter (PBS) 135d. The output signal is amplified by an optical pream-
plitier 136a in the receiving terminal 136, and demodulated in an optical DEMUX (Demuitiplex) 136b.

[0024) FIG. 74 shows results of an experiment of evaluation of power penalty to optical delay difference At of a 40
Gb/s OTDM signal and a NRZ signal. The transversal axis represents optical delay difference At, while a vertical axis
represents power penalty. Incidentally, y is set to 0.5 in the polarization controller 134 (refer to FIG. 73) such that trans-
mission waveform deterioration is the maximum. A curved line denoted by (a) in FIG. 74 represents transmission wave-
form deterioration of the OTDM signal. When a reference value of receiver sensitivity degradation (power penalty
[vertical axis]) is below 1 dB, a PMD allowable value (PMD tolerance) is 9 ps. A curved line denoted by (b) in FIG. 74
represents transmission waveform deterioration of the 40 Gb/s NRZ signai. When a reference value of receiver sensi-
tivity degradation at this time is below 1 dB, the PMD allowable value (PMD tolerance) is 11 ps.

[0025] In consideration of a value of the receiver sensitivity degradation, some relatively old fibers having been
already laid have a large PMD value above 1.0 ps/km"z per unit length. In such case, a value of the receiver sensitivity
degradation is above 10 ps even in a relatively short distance transmission of 100 km or less. Further, since polariza-
tion-mode dispersion is generated even in an optical amplifier, a chromatic dispersion compensator and the like other
than a transmission line fiber in an actual optical transmission system, a transmission distance is further limited. In
order to increase a transmission distance in a fiber transmission line having been already laid, or in order to perform
long-distance in-line repeater transmission, "PMD compensating technique” is required. However, this compensating
technique has three problems (d) through (f) below.

(d) realization of a PMD compensating device;
(e) method of detecting a PMD state (optical delay difference At and optical intensity splitting ratio v); and
(f) method of controlling feedback-optimization of a PMD compensating device.

[0026] Although a PMD measuring device has been commercially available, introducing such PMD measuring device
as a part of an optical transmission system is not realistic in the view of size and economy. A method being able to
directly monitor a PMD value is desirable. As such method, there is a method using a frequency component intensity in
a baseband spectrum of a received signal, which is theoretically determined as below.

[0027] Assuming that F(t) is a change of an optical intensity with time when PMD is not given, a change of an optical
intensity with ime when PMD (optical delay difference At and optical density splitting ratio y) is given by the following
formula:

YR(t-AT)+(1-)F(Y)

[0028] An electric field intensity of an electric signal having been received is proportional to its value, and the square
of the value is detected as a change of the intensity with time by the intensity detector. Baseband spectrum P(f) is
expressed as its Fourier transform by the following formula (11):

P() = [f{yF(t-A7)+(1-1)F (D)} - expliotdt| (11)
= [y[F(t-At)exp(i ot)di+{1-v)[F(explic Hdt|

= [yexp{ioAT)|F(t)exp(iot)dt+(1-y)] F(t)explict)dt]?

= KM - IfF (hexpliotdt®

wherein a factor of proportionality K(f) is expressed as below, and o =2nf.

K(f) = hrexplioati(1-)|® (12)
= |y{cos{wAt)+i sin{wAT)}+(1-v)| 2
= 1-4y(1-y)sin 2(nfA1)

[0029] Informula (11), parameters (optical delay difference At and aptical intensity splitting ratio y) relating to a PMD
state are included in only K(f), and separated from the baseband spectrum |F(f)exp(i wt)dt|? in the case of no PMD.
When a frequency component { = fe(Hz) is extracted by a filter or the like and an intensity thereof is detected, depend-
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ency on optical delay difference At and the optical intensity splitting ratio v is expressed by K(fe). Moreover, from that
the formula (11) is established for a general formula F(t) representing an optical waveform, the above result that the
PMD state can be detected with K(fe) is established irrespective of a modulating system (NRZ or RZ) or a waveform
change due to such as wavelength dispersion, nonlinear effect or the like.

[0030) FIG. 75 shows a resutt of an experiment showing At dependency of 20 GHz components intensity in a 40 Gb/s
NRZ system in the case of y= 0.5. Inthis intensity detecting method, an optical signal is converted into an electric signal
using a photo receiver (PD) in the receiving terminal, a signal of a 20 GHz component is extracted by a 20 GHz narrow-
band band-pass filter (BPF), and an intensity is detected by a power meter. As shown in FIG. 75, the intensity is the
maximum at optical delay difference At = Ops, decreases with increasing the optical delay ditference At, and becomes
zero at the optical delay ditference At = 25ps .

[0031] Using that the fe (Hz) component intensity is the maximum when the PMD state is the best, a method of feed-
back-contralling the polarization-mode dispersion compensator controlling the optical delay difference At and the opti-
cal intensity splitting ratio y inserted in the optical transmission line (transmitting terminal, optical repeater and receiving
terminal) according to a PMD monitor signal is possible.

[0032] Incidentally, there are publications relating to equalization as shown in @ through ® below.

@ publications relating to variable dispersion (equalization) compensator:

* R.l. Laming etal., "A Dispersion Tunable Grating in a 10-Gb/s 100-200-km-Step IndexFibe Link", IEEE Photon.
Technol. Lett., vol.8.,pp.428-430,1996. (being able to vary a dispersion compensation quantity by changing a
temperature slope in a longitudinal direction of a chirped fiber grating);

¢ MM. Ohm et al., "Tunable fiber grating dispersion using a piezoelectric stack”, OFC'97 WJ3. (being able to
vary a dispersion compensation quantity by changing a stress in a longitudinal direction of a chirped fiber grat-
ing);

* K Takiguchi et al., "Planar Lightwave Circuit Optical Dispersion Equalizer”, IEEE Photon. Technol., Lett.,
vol.6,n0.1,pp.86-88 (PLC variable dispersion compensator);

*+ A Sano et al., "Automatic dispersion equalization by monitoring extracted-clockpower level In a 40-Gbit's, 200-
km transmission line” ECOC'96 TuD.3.5 (discreet variable dispersion compensator in which fibers having a
positive or negative dispersion value are cascade-connected by a 1x4 mechanical switch);

® publications relating to automatic dispersion equalizing system:

* G. Ishikawa and H. Ooi, "Demonstration of automatic dispersion equalization in 40-Gbit/s OTDM transmission,”
ECOC'98 WACOS. (introduced in September 23, 1998);

* Ooi, Akiyama and Ishikawa, "Experiment on 40 Gbit's automatic dispersion equalization using a wavelength
tunable laser”, EIC. Soc., 1998 (Introduced in September, 30, 1998);

¢ M. Tomizawa et al., "Automatic Dispersion Equalization for Installing High-Speed Opfical Transmission Sys-
tems”, J. Lightwave Technol., vol.16, no.2, Pp.184-191;

® publications relating to automatic PMD compensating system:

¢ H.Oo0i, Y.Akiyama, G.Ishikawa, "Automatic polarization-mode dispersion compensation in 40-Gbit/s transmis-
sion” (tentative title), submitted to OFC'99 (method of using a polarization controller(PC: Polarization Control-
ler) and a polarization maintaining fiber (PMF: Polarization Maintaining Fiber) in a receiving terminal to control
PCin a 40 Gb/s NRZ system, thereby giving a delay difference of an inverse code to a transmission line);

*  J.H. Winters et al., "optical equalization of polarization dispersion”, SPIE Vol.1787 Multigigabit Fiber Commu-
nications, 1992 00.346-357 (method of using a polarization controller in a transmitting terminal, feeding-back
the transmission characteristic from a receiving terminal to control in such a direction as y=0or 1),

* T Takahashi et al., "Automatic compensation technique for timewise fluctuating polarization-mode dispersion
in in-line amplifier systems”, Electron. Lett., vol.30, no.4, 1994, PP.348-349 (method of giving a delay difference
of an inverse code to a transmission line by using a polarization controller (PC) and a polarization maintaining
fiber (PMF) in a receiving terminal to contro! PC). wherein a 5§ GHz component intensity in a baseband spec-
trum of a 10Gb/s NRZ signal is detected and a control is performed such that the intensity becomes the max-
imum;

* T Ono et al., “Polarization Control Method for Suppressing Polarization-mode Dispersion Influence in Optical
Transmission Systems”, J. Lightwave Technol., vol.12, no.5, 1994, pp.891-898 (method of using a polarization
controller, a polarization beam splitter, photo receivers for respective light paths and a variable delay element
giving a delay difference between both electric signals to control the PC and the variable delay element).
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[0033] In the light of the above problems, an object of the present invention is to provide a polarization-mode disper-
sion quantity detecting method in which polarization-mode dispersion generated in a high-speed optical signal can be
easily detected and monitored, a dispersion compensation controlling method in which these detected polarization-
mode dispersion and chromatic dispersion can be compensated, thereby enabling a long-distance transmission of a
high-speed optical signal, and a dispersion compensation controlling apparatus for simultaneously compensating trans-
mission optical waveform deterioration caused thereby using the polarization-mode dispersion quantity detecting
method and the chromatic dispersion detecting method.

DISCLOSURE OF INVENTION

[0034] Therefore, a dispersion compensation controlling apparatus of this invention comprises a first specific fre-
quency component detecting unit for detecting a tirst specific frequency component in a baseband spectrum in a trans-
mission optical signal inputted to a receiving side over a transmission fiber as a transmission line, a first intensity
detecting unit for detecting information on an intensity of the first specific frequency component detected by the first
specific frequency component detecting unit, and a polarization-mode dispersion controlling unit for controlling a polar-
ization-mode dispersion quantity of the transmission line such that the intensity of the first specific frequency compo-
nent detected by the first intensity detecting unit becomes the maximum.

[0035]) Accordingly, it is thereby possible to compensate polarization-mode dispersion so as to prevent deterioration
of a transmission waveform of an optical signal. This advantageously contributes to long’;-distance transmission of a
high-speed optical signal.

{0036] Further, a dispersion compensation controlling apparatus of this invention comprises a first specific frequency
component detecting unit for detecting a first specific frequency component in a baseband spectrum in a transmission
optical signal inputted to a receiving side over a transmission fiber as a transmission line, a first intensity detecting unit
for detecting information on an intensity of the first specific frequency component detected by the first specific frequency
component detecting unit, a polarization-mode dispersion controlling unit for controlling a polarization-mode dispersion
quantity of the transmission line such that the intensity of the first specific frequency component detected by the first
intensity detecting unit becomes the maximum, a second specific frequency component detecting unit for detecting a
second specific frequency component in the baseband spectrum in the transmission optical signal, a second intensity
detecting unit for detecting information on the intensity of the second specitic frequency component detected by the
second specific frequency component detecting unit, and a chromatic dispersion controlling unit for controliing a chro-
matic dispersion quantity of the transmission line such that the intensity of the second specific frequency component
detected by the second specific frequency intensity detecting unit becomes the maximum.

[0037] Accordingly, it is thereby possible to compensate polarization-mode dispersion to prevent deterioration of a
transmission waveform of an optical signal. It is also possibie to compensate chromatic dispersion of a transmission
optical signal, so as to prevent deterioration of the transmission waveform of the optical signal by effects of polarization-
mode dispersion and chromatic dispersion. This more advantageously contributes to long-distance transmission of a
high-speed optical signal.

[0038] Still turther, a dispersion compensation controliing apparatus of this invention comprises a first speciic fre-
quency component detecting unit for detecting a first specific frequency component in a baseband spectrum in a trans-
mission optical signal inputted to a receiving side over a transmission fiber as a transmission line, a first intensity
detecting unit for detecting information on an intensity of the first specific frequency component detected by the first
specific frequency component detecting unit, a polarization-mode dispersion controlling unit for controlling a polariza-
tion-mode dispersion quartity of the transmission line such that the intensity of the first specific frequency component
detected by the first intensity detecting unit becomes the maximum, and a chromatic dispersion controlling unit for con-
troliing a chromatic dispersion quantity of the transmission line such that the intensity of the first specific frequency com-
ponent detected by the first intensity detecting unit becomes the maximum or the minimum.

[0039] Accordingly, it is thereby possible to compensate polarization-mode dispersion to prevent deterioration of a
transmission waveform of an optical signal. lt is also possible to compensate chromatic dispersion of a transmission
optical signal, so as to prevent deterioration of the transmission waveform of the optical signal by effects of polarization-
mode dispersion and chromatic dispersion. This more advantageously contributes to long-distance transmission of a
high-speed optical signal.

[0040] A polarization-mode dispersion quantity detecting method of this invention comprises the steps of a specific
frequency component detecting step of detecting a specific frequency component in a baseband spectrum in a trans-
mission optical signal inputted over a transmission optical fiber, an intensity detecting step of detecting an intensity of
the specific frequency component detected at the specific frequency component detecting step, and a dispersion quan-
tity detecting step of detecting a polarization-mode dispersion quantity of the transmission optical signal from informa-
tion on the intensity of the specific frequency component detected at said intensity detecting step by performing a
predetermined functional operation.
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[0041]  Accordingly, it is thereby possible to easily detect polarization-mode dispersion generated in a transmission
optical signal.

[0042] In addition, a dispersion compensation controlling method of this invention comprises the steps of a first spe-
cific frequency component detecting step of detecting a first specific frequency component in a baseband spectrum in
a transmission optical signal inputted to a receiving side over a transmission fiber as a transmission line, a first intensity
detecting step of detecting information on an intensity of the first specific frequency component detected at the first spe-
cific frequency component detecting step, and a polarization-mode dispersion controlling step of controlling a polariza-
tion-mode dispersion quantity of the transmission line such that the intensity of the first specific frequency component
detected at the first intensity detecting step becomes the maximum.

[0043] Accordingly, it is thereby possible to easily detected polarization-mode dispersion generated in a transmission
optical signal.

[0044]  Further, a dispersion compensation controlling method comprises the steps of a first specific frequency com-
ponent detecting step of detecting a first specific frequency component in a baseband spectrum in a transmission opti-
cal signal inputted to a receiving side over a transmission fiber as a transmission line, a first intensity detecting step of
detecting information on an intensity of the first specific frequency component detected at the first spedific frequency
component detecting step, a polarization-mode dispersion controlling step of controlling a polarization-mode dispersion
quantity of the transmission line such that the intensity of the first specific frequency component detected at the first
intensity detecting step becomes the maximum, a second specitic frequency component detecting step of detecting a
second specific frequency component in the baseband spectrum in the transmission optical signal, a second intensity
detecting step of detecting information on an intensity of the second specitic frequency component detected at the sec-
ond specific frequency component detecting step, and a chromatic dispersion controlling step of controlling a chromatic
dispersion quantity of the transmission line such that the intensity of the second specific frequency component detected
at the second intensity detecting step becomes the maximum or the minimum.

[0045]  Accordingly, it is thereby possible to perform the controls independently and simultaneously.

[0046]  Still further, a dispersion compensation controlling method of this invention comprises the steps of a first spe-
cific frequency component detecting step of detecting a first specific frequency component in a baseband spectrum in
a transmission optical signal inputted to a receiving side over a transmission fiber as a transmission line, a first intensity
detecting step of detecting information on an intensity of the first specific frequency component detected at the first spe-
cific frequency component detecting step, a polarization-mode dispersion controlling step of controliing a polarization-
mode dispersion quantity of said transmission line such that the intensity of the first specific frequency component
detected at the first intensity detecting step becomes the maximum, and a chromatic dispersion controlling step of con-
trolling a chromatic dispersion quantity of the transmission line such that the intensity of the first specific frequency com-
ponent detected at the first intensity detecting step becomes the maximum or the minimum.

[0047] Accordingly, it is thereby possible to prevent deterioration of ‘a transmission waveform of an optical signal by
effects of polarization-mode dispersion and chromatic dispersion, which further contributes to long-distance transmis-
sion of a high-speed optical signal.

BRIEF DESCRIPTION OF DRAWINGS
{0048)

FIG. 1 is a diagram showing a structure of a first basic block of this invention;

FIG. 2 is a diagram showing a structure of a second basic block of this invention;

FIG. 3 is a diagram showing a structure of a third basic block of this invention;

FIG. 4 is a block diagram showing a structure of an optical transmission system to which dispersion compensation
controlling apparatus according to a first embodiment of this invention is applied;

FIG. § is a diagram showing a structure of a delay quantity compensator;

FIG. 6 is a diagram showing a structure of an experimental system of a 40 Gb/s optical time division multiplexing
transmission system according to the first embodiment of this invention;

FIG. 7 is a diagram showing a structure of a PMD emulator:

FIGS. 8(a) through 8(e) are diagrams showing deteriorated 40 Gb/s optical time division muttiplexed waveforms
when the PMD emulator changes an optical delay difference At and gives it thereto;

FIG. 9 is a diagram for illustrating a method of detecting a polarization-mode dispersion quantity generated in a
transmission optical signal;

FIGS. 10(a) and 10(b) are diagrams for illustrating a method of detecting a polarization-mode dispersion quantity
generated in a transmission optical signal;

FIG. 11is a diagram showing a structure of an experimental system of a 10 Gb/s NRZ transmission system accord-
ing to the first embodiment of this invention:
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FIGS. 12(a) through 12(j) are diagrams showing deteriorated 10 Gb/s NRZ waveforms at a receiving terminal when
the PMD emulator changes an optical delay difference At and gives it thereto,;

FIG. 13 is a diagram for illustrating a method of detecting a polarization-mode dispersion quantity generated in a
transmission optical signal;

FIGS. 14(a) and 14(b) are diagrams for illustrating a method of detecting a polarization-mode dispersion quantity
generated in a transmission optical signal;

FIG. 15 is a diagram showing a structure of an optical time division muttiplex modulator;

FIGS. 16(a) through 16(c) are diagrams for illustrating an operating principle of an TODM modulator;

FIG. 17 is a block diagram showing a structure of an optical transmission system provided with a dispersion com-
pensation controliing apparatus with a timing extracting unit according to the first embodiment of this invention;
FIG. 18 is a block diagram showing a structure of an optical transmission system to which a dispersion compensa-
tion controlling apparatus according to a first modification of the first embodiment of this invention is applied;

FIG. 19 is a block diagram showing a structure of an optical transmission system to which a dispersion compensa-
tion controlling apparatus according to a second modification of the first embodiment of this invention is applied,
FIG. 20 is a block diagram showing a structure of ancther optical transmission system to which a dispersion com-
pensation controlling apparatus according to the second modification of the first embodiment of this invention is
applied;

FIG. 21 is a block diagram showing a structure of an optical transmission system to which another dispersion com-
pensation controlling apparatus according to the second modification of the first embodiment of this invention is
applied; ’

FIG. 22 is a block diagram showing a structure of an optical transmission system to which a dispersion compensa-
tion controlling apparatus according to a third modification of the first embodiment of this invention is applied;

FIG. 23 is a block diagram showing a structure of an optical transmission system to which a dispersion compensa-
tion controlling apparatus according to a fourth modiication of the first embodiment of this invention is applied;
FIG. 24 is a block diagram showing a structure of an optical transmission system to which a dispersion compensa-
tion controlling apparatus according to a fifth modification of the first embodiment of this invention is applied;
FIGS. 25(a) through 25(c) are diagrams for illustrating a principle of a feedback control by a compensation quantity
optimization controlling unit;

FIGS. 26(a) through 26(g) are diagrams for illustrating an operation in & dispersion compensation controlling appa-
ratus; o .

FIG. 27 is a block diagram showing a structure of an optical transmission system to which a dispersion compensa-
tion controlling apparatus according to a sixth modification of the first embodiment of this invention is applied;
FIG. 28 is a block diagram showing a structure of an optical transmission system to which a dispersion compensa-
tion controlling apparatus according to a seventh modification of the first embodiment of this invention is applied;
FIG. 29 is a block diagram showing a structure of an optical transmission system to which a dispersion compensa-
tion controlling apparatus according to an eighth modification of the first embodiment of this invention is applied;
FIG. 30 is a block diagram showing a structure of an optical transmission system to which a dispersion compensa-
tion controlling apparatus according to a ninth modification of the first embodiment of this invention is applied;
FIGS. 31(a) and 31(b) are diagrams showing a change in intensity of a specific frequency component when param-
eters showing a polarization-mode dispersion quantity to be given to an optical signal by a polarization-mode dis-
persion compensator undergoes a sweep control in a wide range;

FIG. 32 is a block diagram showing a structure of an optical transmission system to which a dispersion compensa-
tion controlling apparatus according to a second embodiment of this invention is applied;

FIG. 33 is an enlarged diagram of a polarization controller and an inter-polarization-mode variable delay;

FIGS. 34(a) through 34(c) are diagrams showing an example of a variable optical delay path according to the sec-
ond embodiment of this invention;

FIG. 35 is a diagram showing an example of a structure of ancther inter-polarization-mode variable delay element
according to the second embodiment of this invention;

FIGS. 36 and 37 are control flowcharts for realizing PMD compensation according to the second embodiment of
this invention;

FIG. 38 is another control flowchart for realizing the PMD compensation according to the second embodiment of
this invention;

FIG. 39 is a block diagram showing a structure of an optical transmission system according to a second modifica-
tion of the second embodiment of this invention;

FIG. 40 is a block diagram showing a structure of an optical transmission system according to a third modification
of the second embodiment of this invention;

FIG. 41 is a block diagram showing a structure of an optical transmission system to which a PMD compensation
controlling apparatus at the time of system operation according to a fourth modification of the second embodiment
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of this invention is applied;

FIG. 42 is a diagram illustrating a method of measuring a PMD tolerance;

FIG. 43 is a block diagram showing a structure of an optical transmission system to which a PMD compensation
controlling apparatus using a PMF for PMD compensation according to the fourth modification of the second
embodiment of this invention is applied;

FIG. 44(a) is a diagram showing a 20 GHz component intensity in a received baseband signal to a and B;

FIG. 44 (b) is a diagram showing an eye opening of a received waveform in the received baseband signal to a and
B
FIG. 45(a) is a diagram showing a 20 GHz component intensity in a received baseband signal to a and B;

FIG. 45(b) is a diagram showing an eye opening of a received waveform in the received baseband signalto aand §;
FIG. 46(a) is a diagram showing a 20 GHz component intensity in & received baseband signal to a and B;

FIG. 46(b) is a diagram showing an eye opening of a received waveform in the received baseband signalto a and ;
FIG. 47(a) is a diagram showing a 20 GHz component intensity in a received baseband signal to o and p;

FIG. 47(b) is a diagram showing an eye opening of a received waveform in the received baseband signal to @ and §;
FIG. 48(a) is a diagram showing results of calculation of transmission line PMD versus 20 GHz component intensity
when transmission is performed using a 40 Gb/s NRZ signal;

FIG. 48(b) is a diagram showing results of calculation of transmission line PMD versus eye opening penalty when
transmission is performed using a 40 Gb/s NRZ signal;

FIG. 4(a) is a diagram showing results of calculation of transmission line PMD versus 20 GHz component intensity
when transmission is performed using a 40 Gb/s OTDM signal;

FIG. 49(b) is a diagram showing results of calculation of transmission line PMD versus eye opening penalty when
transmission is performed using a 40 Gb/s OTDM signal;

FIG. 50(a) is a diagram showing a relationship of transmission line PMD versus eye opening penalty when a delay
quantity Az, is the smaliest;

FIG. 50(b) is a diagram showing a relationship of transmission line PMD versus eye opening penalty when a delay
quantity At is the largest;

FIGS. 51(a) and 51(b) are diagrams illustrating a case where a delay quantity At exceeds one time slot;

FIGS. 52 and 53 are block diagrams showing a structure of an optical transmission system according to a third
embodiment of this invention;

FIG. 54 is a block diagram showing a structure of an optical transmission system according to the third embodiment
of this invention;

FIGS. 55 and 56 are block diagrams of an optical transmission system according to a first modification of the third
embodiment of this invention;

FIG. 57 is a block diagram of an optical transmission system according to a second modification of the third embod-
iment of this invention;

FIG. 58 is a block diagram according to the second modification of the third embodiment of this invention;

FIG. 59 is a block diagram of an optical transmission system according to a third modification of the third embodi-
ment of this invention;

FIG. 60 is a block diagram showing a structure of an optical transmission system to which a dispersion compensa-
tion controlling apparatus according to a fourth modification of the third embodiment of this invention is applied;
FIG. 61 is another block diagram of an optical transmission system according to a fifth modification of the third
embodiment of this invention;

FIG. 62 is a block diagram of an optical transmission system according to a fourth embodiment of this invention:
FIG. 63 is a block diagram of an optical transmission system according to a first modification of the fourth embodi-
ment of this invention;

FIG. 64 is a block diagram of an optical transmission system according to a second modification of the fourth
embodiment of this invention;

FIG. 65 is a diagram showing a structure of another delay quantity compensator;

FIG. 66 is a diagram showing a structure of an evaluation experimental system for dispersion compensation toler-
ance after 1.3 pm SMF 50 kom transmission in 40 Gb/s optical time division multiplexing;

FIG. 67 is a diagram showing results of an evaluation experiment in the experimental system in FIG. 66:

FIG. 68 is a diagram showing a relationship (simulation results) between 40 GHz component intensity and eye
opening to a dispersion quantity of a 40 Gb/s OTDM signal;

FIG. 69 is a diagram showing a structure of an experimental system at the time of DSF 100 km transmission:

FIG. 70 is a diagram showing experiment results in the experimental system in FIG. 69;

FIG. 71(a) is a diagram showing a relationship (simulation results) between 40 GHz component intensity and eye
opening to a dispersion quantity of a 40 Gb/s NRZ signal (a = -0.7);

FIG. 71(b) is a diagram showing experimenta! results at the time of DSF 100 km transmission when the tempera-
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ture is changed from -35 to + 65° C;

FIG. 72(a) is a diagram showing results of simulation in the case of a 40 Gb/s NRZ signal (a = +0.7);

FIG. 72(b) is a diagram showing results of simulation in the case of a 40 Gb/s RZ signa! (a = 0, Duty = 50%);

FIG. 73 is a diagram showing an experimental system for researching transmission waveform deterioration due to
PMD in a 40 Gb/s signal;

FIG. 74 is a diagram showing results of a power penalty evaluation experiment to an optical delay difference At on
a 40 Gb/s OTDM signal and an NRZ signal; and

FIG. 75 is a diagram showing experimental results showing At dependency of 20 GHz component intensity when
vy=0.5in a 40 Gb/s NRZ system.

BEST MODE FOR CARRYING OUT THE INVENTION
(A) Description of a Basic Structure of the Invention
(A1) Description of a Structure of a First Basic Block

[0049] FIG. 1 is a block diagram showing a structure of a first basic block of a dispersion compensation controlling
apparatus of this invention, which comprises, as shown in FIG. 1, a polarization-mode dispersion compensator 7a dis-
posed in a transmission line 6a and a dispersion compensation controfling apparatus 251a.

[0050] Here, the transmission line 6a is an optical fiber transmission line. The polarization-mode dispersion compen-
sator 7a receives a control signal from the dispersion compensation controlling apparatus 251a to compensate polari-
zation-mode dispersion generated in a transmitted optical signal.

[0051] The dispersion compensation controlling apparatus 251a monitors a state of polarization-mode dispersion
generated in an optical signal transmitted over the transmission line 6a on the basis of the received optical signal. and
controls the polarization-mode dispersion compensator 251a according to a result of the monitoring, which comprises
a first specific frequency component detecting unit 2a, a first intensity detecting unit 3a and a polarization-mode disper-
sion controlling unit 220a.

[0052] A term “dispersion” is generally used to mean "chromatic dispersion”. In this structure, the term “dispersion"
is used to mean "polarization-mode dispersion”. Accordingly, the dispersion compensation controlling apparatus 251a
according to this structure represents "polarization-mode dispersion controlling apparatus”.

[0053] The first specific frequency component detecting unit 2a detects a first specific frequency component in a
baseband spectrum in a transmission optical signal inputied to a receiving side over a transmission fiber as the trans-
mission line 6a. The first intensity detecting unit 3a detects information on an intensity of the first specific frequency
component detected by the first specific frequency component detecting unit 2a. The polarization-mode dispersion con-
trolling unit 220a controls a polarization-mode dispersion quantity of the transmission line such that the intensity of the
first specific frequency component detected by the first specific frequency component detecting unit 2a becomes the
maximum.

[0054] When the above transmission optical signal is an RZ optical signal or an optical time division muttiplex signal,
the first specific frequency component detecting unit 2a may detect a frequency corresponding to a bit rate as the first
specitic frequency component. When the above transmission optical signal is in any optical modulation system, the first
specific frequency component detecting unit 2a may detect a frequency corresponding to 1/2 of a bit rate as the first
specific frequency component.

[0055] A dispersion compensation controlling method of this invention comprises the steps of a first specitic frequency
component detecting step of detecting a first specific frequency component in a baseband spectrum in a transmission
optical signal inputted to a receiving side over a transmission fiber as a transmission line, a first intensity detecting step
of detecting information on an intensity of the above first specific frequency component detected at the first specific fre-
quency component detecting step, and a polarization-mode dispersion controliing step of controlling a potarization-
mode dispersion quantity of the transmission line 6a such that the intensity of the first specific frequency component
detected at the first intensity detecting step becomes the maximum.

(A2) Description of a Structure of a Second Basic Block

[0056] FIG. 2 is a block diagram showing a structure of a second basic block of a dispersion compensation controlling
apparatus of this invention, which comprises, as shown in FIG. 2, a chromatic dispersion compensator 206a and a
polarization-mode dispersion compensator 7a disposed in a transmission line 6a, and a dispersion compensation con-
trolling apparatus 251b. The transmission line 6a is an optical fiber transmission fine. The chromatic dispersion com-
pensator 206a receives a control signal from the dispersion compensation controlling apparatus 251b to compensate a
chromatic dispersion quantity generated in a transmitted optical signal. The polarization-mode dispersion compensator
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7areceives a control signal from the dispersion compensation controlling apparatus 251b to compensate polarization-
mode dispersion generated in a transmitted optical signal.

[0057] The dispersion compensation controlling apparatus 251b monitors states of chromatic dispersion and polari-
zation-mode dispersion generated in an optical signal transmitted over the transmission line 6a on the basis of a
received optical signal, and controls the chromatic dispersion compensator 206a and the polarization-mode dispersion
compenstor 7a according to results of the monitoring, which comprises a first spedific frequency component detecting
unit 2a, a first intensity detecting unit 3a, a polarization-mode dispersion controlling unit 220a, a second specific fre-
quency component detecting unit 222a, a second intensity detecting unit 223a and a chromatic dispersion controlling
unit 224a.

[0058] A term "dispersion” is generally used to mean "chromatic dispersion”. In this structure, the term "dispersion”
is used to mean both "polarization-mode dipsersion” and "chromaic dispersion”. In consequence, the dispersion com-
pensation controlling apparatus 251b according to this structure represents "polarization-mode dispersion-chromatic
dispersion compensation controlling apparatus”.

[0059]  The first specific frequency component detecting unit 2a detects a first specific frequency component in a
baseband spectrum in a transmission optical signal inputted to a receiving side over a transmission line as the trans-
mission line 6a. The first intensity detecting unit 3a detects information on an intensity of the first spedific frequency
component detected by the first spedific frequency component detecting unit 2a. The polarization-mode dispersion con-
trolling unit 220a controls a polarization-mode dispersion quantity of the transmission line 6a such that the intensity of
the first specific frequency component detected by the first intensity detecting unit 3a becomes the maximum. The sec-
ond specific frequency component detecting unit 222a detects a second specific frequency component in the baseband
spectrum in the transmission optical signal. The second intensity detecting unit 223a detects information on an intensity
of the above second specitic frequency component detected by the second specific frequency component detecting unit
222a. The chromatic dispersion controlling unit 224a controls a chromatic dispersion quantity of the transmission line
6a such that the intensity of the second specific frequency component detected by the second intensity detecting unit
223a becomes the maximum or the minimum.

[0060] When the above transmission optical signal is an NRZ optica! signal, the first specific frequency component
detecting unit 2a may detect a frequency corresponding to 1/2 of a bit rate as the first specific frequency component,
while the second specific frequency component detecting unit 222a may detect a frequency corresponding to the bit
rate as the second specific frequency component.

[0061] A dispersion compensation controlling method of this invention comprises the steps of a first specific frequency
component detecting step of detecting a first specific frequency component in a baseband spectrum in a transmission
optical signal inputted to a receiving side over a transmission fiber as a transmission line, a first intensity detecting step
of detecting information on an intensity of the above first specific frequency component detected at the first specific fre-
quency component detecting step, a polarization-mode dispersion controlling step of controlling a polarization-mode
dispersion quantity of the transmission line 6a such that the intensity of the first specific frequency component detected
at the first intensity detecting step becomes the maximum, a second specific frequency component detecting step of
detecting a second specific frequency component in the baseband spectrum of the transmission optical signal, a sec-
ond intensity detecting step of detecting information on an intensity of the second specific frequency component
detected at the second specific frequency component detecting step, and a chromatic dispersion controliing step of
controlling a chromatic dispersion quantity of the transmission line 6a such that the intensity of the second specific fre-
quency component detected at the second intensity detecting step becomes the maximum or the minimum.

(A3) Description of a Structure of a Third Basic Block

[0062]) FIG. 3 is a diagram showing a structure of a third basic block of a dispersion compensation controlling appa-
ratus of this invention, which comprises, as shown in FIG. 3, a chromatic dispersion compensator 206a and a polariza-
tion-mode dispersion compensator 7a disposed in a transmission line 6a, and a dispersion compensation controlling
apparatus 251¢. The transmission line 6a is an optical fiber transmission line. The chromatic dispersion compensator
206a receives a control signal from the dispersion compensation controlling apparatus 251¢ to compensate a chromatic
dispersion quantity generated in a transmitted optical signal. The polarization-mode dispersion compensator 7a
receives a control signal from the dispersion compensation controlling apparatus 251c to compensate polarization-
mode dispersion generated in a transmitted optical signal.

[0063]) The dispersion compensation controlling apparatus 251c monitors states of chromatic dispersion and polari-
zation-mode dispersion generated in an optical signal transmitted over the transmission line 6a on the basis of a
received optical signal, and controls the chromatic dispersion compensator 206a and the polarization-mode dispersion
compensator 7a according to results of the monitoring, which comprises a first specific frequency component detecting
unit 2a, a first intensity detecting unit 3a, a polarization-mode dispersion controlling unit 220a and a chromatic disper-
sion controliing unit 224a.
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[0064] A term "dispersion” is generally used to mean "chromatic dispersion™. In this structure, the term “dispersion™
is used to mean both "polarization-mode dispersion™ and “chromatic dispersion™. In consequence, the dispersion com-
pensation controlling apparatus 251 according to this structure represents "polarization-mode dispersion-chromatic dis-
persion compensation controlling apparatus”.

[0065] The first specific frequency component detecting unit 2a detects a first specific frequency component in a
baseband spectrum in a transmission optical signal inputted to a receiving side over a transmission fiber as the trans-
mission line 6a. The first intensity detecting unit 3a detects information on an intensity of the above first specific fre-
quency component detected by the first specific frequency component detecting unit 2a. The polarization-mode
dispersion controlling unit 220a controls a polarization-mode dispersion quantity of the ransmission line 6a such that
the intensity of the first specific frequency component detected by the first intensity detecting unit 3a becomes the max-
imum. The chromatic dispersion controlting unit 224a controls a chromatic dispersion quantity of the transmission line
6a such that the intensity of the first specific frequency component detected by the first intensity detecting unit 3a
becomes the maximum or the minimum.

[0066] When the above transmission optical signal is an RZ optical signal or an optical time division multiplex signal,
the first specific frequency component detecting unit 2a may detect a frequency corresponding to a bit rate or 172 of the
bit rate as the first specific frequency component. When the above transmission optical signa! is an NRZ optical signal,
the first specific frequency component detecting unit 2a may detect a frequency corresponding to 1/2 of the bit rate as
the first specific frequency component.

[0067] The chromatic dispersion controlling unit 206a may set a chromatic dispersion control quantity in the chromatic
dispersion compensator 206a disposed in the transmission line 6a such that the intensity of the first specitic frequency
component detected by the first intensity detecting unit 3a becomes the maximum or the minimum. The chromatic dis-
persion controlling unit 206a may comprise a chromatic dispersion quantity detecting unit for detecting a chromatic dis-
persion quantity of the above transmission optical signa! from the intensity of the above first specific frequency
component detected by the first intensity detecting unit 3a by performing an operation with a predetermined second
function, and a chromatic dispersion control quantity setting unit for setting a chromatic dispersion control quantity in
the chromatic dispersion compensator 206a on the basis of the above chromatic dispersion quantity detected by the
chromatic dispersion quantity detecting unit in order to compensate chromatic dispersion of the above transmission
optical signal. The chromatic dispersion controlling unit 206a may feedback-control the chromatic dispersion compen-
sator 206a disposed in the transmission line 6a such that the intensity of the first specific frequency component
detected by the first intensity detecting unit 3a beocmes the maximum or the minimum.

[0068]) A dispersion compensation controlling method of this invention comprises the steps of a first specific frequency
component detecting step of detecting a first specific frequency component in a baseband spectrum in a transmission
optical signal inputted to a receiving side over a fransmission fiber as a transmission line, a first intensity detecting step
of detecting information on an intensity of the above first specific frequency component detected at the first specific fre-
quency component detecting step, a polarization-mode dispersion controlling step of controlling a polarization-mode
dispersion quantity of the transmission line 6a such that the intensity of the first specific frequency component detected
at the first intensity detecting step becomes the maximum, and a chromatic dispersion controlling step of controliing a
chromatic dispersion quantity of the transmission line 6a such that the intensity of the first specific frequency compo-
nent detected at the first intensity detecting step becomes the maximum or the minimum.

(A4) Description of Polarization-Mode Dispersion

[0069] Hereinafter, description will be made of polarization-mode dispersion with respect to the first to third basic
blocks.

[0070] The polarization-mode dispersion controlling unit 220a may set a polarization-mode dispersion control quantity
in the polarization-mode dispersion compensator 7a disposed in the transmission line 6a such that the intensity of the
first specific frequency component detected by the first intensity detecting unit 3a becomes the maximum.

{0071] The polarization-mode dispersion controlling unit 220a may comprise a polarization-mode dispersion quantity
detecting unit for detecting a polarization-mode dispersion quantity of the above transmission optical signal from the
intensity of the above first specitic frequency component detected by the first intensity detecting unit 3a by using a first
function which is a function representing an intensity of a frequency component in a baseband spectrum in an optical
waveform forming an arbitrary transmission optical signal and in which the frequency information and parameters show-
ing a polarization-mode dispersion quantity are variables, and a parameter setting unit for outputting a parameter set-
ting control signal having parameter information as a control quantity for compensating polarization-mode dispersion of
the above transmission optical signal on the basis of the above polarization-mode dispersion quantity detected by the
polarization-mode dispersion quantity detecting unit to the polarization-mode dispersion compensator 7a.

[0072]) The dispersion compensation controlling apparatus 251a (or 251b or 251c) may further comprise a third spe-
cific frequency component detecting unit for detecting a third specific frequency component in the baseband spectrum
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of the transmission aptical signal, a third intensity detecting unit for detecting information on an intensity of the above
third specific frequency component detected by the third specific frequency component detecting unit. Besides, the
polarization-mode dispersion controlling unit 220a may comprise a polarization-mode dispersion quantity detecting unit
for detecting a polarization-mode dispersion quantity of the above transmission optical signal from the intensity of the
first specific frequency component and the intensity of the third specific frequency component detected by the first
intensity detecting unit and the third intensity detecting unit, respectively, by using a first function which is a function
showing an intensity of a frequency component in a baseband spectrum in an optical waveform forming an arbitrary
transmission optical signal and in which the frequency information and parameters showing a polarization-mode disper-
sion quantity are variables, and a parameter setting unit for outputting a parameter setting control signal having param-
eter information as a control quantity for compensating polarization-mode dispersion of the above transmission optical
signal on the basis of the above polarization-mode dispersion quantity detected by the polarization-mode dispersion
quantity detecting unit to the polarization-mode dispersion compensator.

[0073] The above parameter information may be at least either a delay quantity At between two polarization modes
or a splitting ratio y of an optical intensity to the above two polarization modes, and the parameter setting unit may out-
put a parameter setting control signal for setting the above parameter information to the polarization-mode dispersion
compensator disposed in a receiving terminal apparatus which is a receiving terminal of the above transmission optical
signal.

{0074] Further, the parameter setting unit may output a parameter setting control signal for setting the above param-
eter information to a polarization-mode dispersion compensator disposed in a transmitting terminal apparatus transmit-
ting the above transmission optical signal or a repeating apparatus amplifying and repeating the above transmission
optical signal, or output a first parameter setting control signal for setting a splitting ratio of an optical intensity to two
polarization-mode to a first polarization-mode dispersion compensator disposed at an arbitrary position on the trans-
mission line 6a, while outputting a second parameter setting control signal for setting a delay quantity between the
above two polarization modes to a second polarization-mode dispersion compensator arranged in a rear stage of the
tirst polarization-mode dispersion compensator.

[0075] The dispersion compensation controlling apparatus may further comprise a compensation quantity optimiza-
tion controlling unit for superimposing a predetermined low frequency signal set in advance on the parameter setting
control signal outputted from the parameter setting unit, and controlling a parameter setting in the parameter setting unit
such that the above low frequency signal component included in the intensity of the above first specific frequency signal
from the first intensity detecting unit 3a becomes zero so as to optimize a compensation quantity of polarization-mode
dispersion of the above transmission optical signal.

[0076] The compensation quantity optimization controlling unit may superimpose two low frequency signals having
low frequency components different from each other as the above predetermined low frequency signal on the above
parameter setting control signal, control a setting of a splitting ratio of an optical intensity to two polarization modes in
the parameter setting unit such that either one of the above two low frequency signal components included in the inten-
sity of the above first specific frequency component from the first intensity detecting unit 3a becomes zero, and control
a setting of a delay quantity between the above two polarization modes in the parameter setting unit such that the other
of the two low frequency signal components included in the intensity of the above first specific frequency component
from the first intensity detecting unit 3a becomes zero. In addition, the compensation quantity optimization controlling
unit may switch a setting control on the splitting ratio of an optical intensity to the above two polarization modes and a
setting control on the delay quantity between two polarization modes with respect to time, and perform the setting con-
trols.

[0077] The distribution compensation controlling unit may still further comprise a sweep controlling unit for largely
sweeping and controliing the parameters showing the above polarization-mode dispersion quantity to be given by the
polarization-mode dispersion compensator 7a when a system is actuated or the system is re-actuated.

[0078] The polarization-mode dispersion controlling unit 220a may feedback-control at least either a polarization con-
troller or an inter-polarization-mode delay unit disposed in the transmission line 6a such that the intensity of the first
specific frequency component detected by the first intensity detecting unit 3a becomes the maximum. The inter-polari-
2ation-mode delay unit may be configured as a device splitting polarization-mode components by a polarization beam
splitter, giving a delay difference between the polarization-mode components by a variable optical delay path and mul-
tiplexing the polarization-mode components. The inter-polarization-mode delay unit may be configured as a device in
which a plurality of polarization maintaining fibers having different polarization dispersion values are arranged in parallel
and the polarization maintaining fbers transmitting an optical signal are switched by an optical switch according to a
polarization-mode dispersion quantity of the transmission line 6a.

[0079] Further, the polarization-mode dispersion controlling unit 220a may perform a control in a first control mode in
which any one of an azimuth angle of a 1/4 wave plate, an azimuth angle of a 1/2 wave plate in the polarization control-
ler and a delay quantity between polarization modes of the inter-polarization-mode delay unit such that the intensity of
the first specific frequency component becomes the maximum while the remaining control parameters among the
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above azimuth angles and the delay quantity between polarization modes are fixed, after the first control mode, perform
a control in a second control mode in which one of the remaining control parameters is changed such that the intensity
of the first specific frequency component becomes the maximum while the control parameter having been first changed
and the other one of the remaining control parameters are fixed, finally perform a control in the third control mode in
which the other one of the remaining control parameters is changed such that the intensity of the first specific frequency
component becomes the maximum while the control parameter having been first changed and the one of the control
parameters are fixed.

[0080] In addition, the poiarization-mode dispersion controlling unit 220a may perform a control in a fourth control
mode in which any one of an azimuth angle of a 1/4 wave plate, an azimuth angle of a 1/2 wave plate in the polarization
controller and a delay quantity between polarization modes of the inter-polarization-mode delay unit is changed such
that the intensity of the first specitic frequency component increases while the remaining parameters among the above
azimuth angles and the delay quantity between polarization modes are fixed, after the fourth control mode, perform a
control in afifth control mode in which one of the remaining control parameters is changed such that the intensity of the
first specific frequency component increases while the control parameter having been first changed and the other one
of the remaining control parameters are fixed, finally perform a control in a sixth mode in which the other one of the
remaining parameters is changed such that the intensity of the first frequency component increases while the control
parameter having been first changed and the one of the remaining control parameters are fixed, after that, repeatedly
execute the above fourth control mode, the fifth control mode and the sixth control mode until the intensity of the first
specific frequency component becomes the maximum.

[0081} Further, the dispersion compensation controlling apparatus may still further comprise a compensation quantity
optimization controlling unit for superimposing a predetermined low frequency signal set in advance on a control signal
to be outputted from the polarization-mode dispersion controlling unit 220a to the above polarization controlier and the
inter-polarization-mode delay unit, and control the above polarization controller and the inter-polarization-mode delay
unit such that the above low frequency signal component included in the intensity of the above first specific frequency
component from the first intensity detecting unit 3a becomes zero so as to optimize a compensation quantity of polari-
zation-mode dispersion of the above transmission optical signal. The compensation quantity optimization controlling
unit may low-frequency-modulate an azimuth angle of a 1/4 wave plate, an azimuth angle of a 1/2 wave plate in the
polarization controller and a delay quantity between polarization modes of the inter-polarization-mode delay unit with
different frequencies, detect the first frequency component intensity in the baseband spectrum of a transmission optical
signal, and optimize the azimuth angle of the 1/4 wave plate and azimuth angle of the 1/2 wave plate in the above polar-
ization controller and the delay quantity between polarization modes of the inter-polarization-mode delay unit such that
an intensity modulation component of a low frequency component included therein becomes zero. Further, polarization-
mode dispersion controlling unit 220a may control only the polarization controller during system operation, and control
the inter-polarization-mode delay unit at the time of start of system operation or when an element determining condi-
tions of polarization-mode dispersion in the transmission line 6a is switched.

[0082] Further, the polarization-mode dispersion controliing unit 220a may further comprise a maximum allowable
polarization-mode dispersion quantity setting means for setting a maximum allowable polarization-mode dispersion
quantity, set a delay quantity of the inter-polarization mode delay to a value above a lower limit value defined as a value
obtained by subtracting the maximum allowable polarization-mode dispersion quantity from one time slot and below an
upper limit value defined as a value having a magnitude twice the maximum allowable polarization-mode dispersion
quantity during system operation when feedback-controlling at least either the polarization controller or the inter-polar-
ization-mode delay unit disposed in the transmission line 6a such that an intensity of a frequency component corre-
sponding to 1/2 of a bit rate as the first specific frequency component detected by the first intensity detecting unit
becomes the maximum. The polarization-mode dispersion controlling unit 220a may set a delay quantity of the inter-
polarization-mode delay unit at the time of system operation to the lower limit value, or set a delay quantity of the inter-
polarization-mode delay unit at the time of system operation to the upper limit value.

[0083] In addition, the inter-polarization-mode delay unit may be configured with a polarization maintaining fiber, or
an inter-polarization-mode variable delay unit in a state where a delay quantity is fixed.

[0084] In summary, a polarization-mode dispersion quantity detecting method of this invention comprises the steps
of a step of detecting a specific frequency component in a baseband spectrum in a transmission optical signal inputted
over a transmission fiber (specific frequency component detecting step), a step of next detecting an intensity of the
above specific frequency component detected at the specific frequency component detecting step (intensity detecting
step), after that, a step of detecting a polarization-mode dispersion quantity of the above transmission optical signal
from information on the intensity of the specific frequency component detected at the intensity detecting step by per-
forming a predetermined functional operation (dispersion quantity detecting step).

[0085] At this time, at the dispersion quantity detecting step, the above predetermined functional operation is per-
formed by using a function which is a function representing an intensity of a frequency component in a baseband spec-
trumin an optical waveform forming an arbitrary transmission optical signal and in which the frequency information and
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parameters showing the polarization-mode dispersion quantity are variables.

[0086] Further, the specific frequency at which a component is detected at the specific frequency component detect-
ing step may be set to a frequency at which a component of a baseband spectrum in the above transmission optical
signal can be stably obtained with respect to time.

[0087] When the above transmission optical signal is an RZ optical signal or an optical time division multiplex signal,
the specific frequency at which the component is detected at the specific frequency component detecting step may be
set to a frequency corresponding to a bit rate. When the above transmission optical signal is in any optical modulation
system, the specific frequency at which the component is detected at the specific frequency component detecting step
may be set to a frequency corresponding to 1/2 of a bit rate.

(AS) Description of a Chromatic Dispersion Compensating Method

[0088] Hereinafter, description will be made of a chromatic dispersion compensating method with respect to the sec-
ond and third basic blocks.

[0089] The chromatic dispersion controlling unit 224a may set a chromatic dispersion control quantity in the chromatic
dispersion compensator 206a disposed in the optical transmission line 6a such that the intensity of the second specific
frequency component detected by the second intensity detecting unit 223a becomes the maximum or the minimum.
Further, the chromatic dispersion controlling unit 224a may comprise a chromatic dispersion quantity detecting unit for
detecting a chromatic dispersion quantity of the above transmission optical signal from the intensity of the above sec-
ond specific frequency component detected by the second intensity detecting unit 223a by performing an operation with
a predetermined second function, and a chromatic dispersion controt quantity setting unit for setting a chromatic disper-
sion control quantity in the chromatic dispersion compensator 206a on the basis of the above chromatic dispersion
quantity detected by the chromatic dispersion quantity detecting unit in order to compensate chromatic digpersion of the
above transmission optical signal.

[0090] The chromatic dispersion controlling unit 224a may feedback-control a chromatic dispersion controller 206a
disposed in the transmission line 6a such that the intensity of the second specific frequency component detected by the
second intensity detecting unit 223a becomes the maximum or the minimum.

[0091] Further, the second intensity detecting unit 223a may output information on the detected intensity of the above
second specific frequency component as a monitor signal.

[0092] In the dispersion compensation controlling method of this invention, the above polarization-mode dispersion
controlling step and the chromatic dispersion controlling step may be executed independently, or the above polariza-
tion-mode dispersion controliing step and the chromatic dispersion controlling step may be executed in time series.

(A8) Description of Other Supplementary Functions

[0093] The dispersion compensation controlling apparatus 251a (or 251b or 251c) of this invention may further com-
prise a timing extracting unit for extracting a timing of a received signal on the basis of the above first specific frequency
component detected by the first specific frequency component detecting unit 2a. In the dispersion compensation con-
trolling apparatus 251a (or 251b or 251¢), the first intensity detecting unit 3a may output information on the detected
intensity of the above first speciic frequency component as a monitor signal.

[0034] Incidentally, a term "dispersion” is used to mean both “polarization-mode dispersion” and "chromatic disper-
sion™. The dispersion compensation controlling apparatus 251a thus represents "polarization-mode dispersion control-
ling apparatus”. The dispersion compensation controlling apparatus 251b and the dispersion compensation controlling
apparatus 251c represent "polarization-mode dispersion-chromatic dispersion compensation controlling apparatus”.

(B) Description of a First Embodiment of the Invention

[0095] FIG. 4 is a block diagram showing a structure of an optical transmission system to which a dispersion compen-
sation controlling apparatus according to a first embodiment of this invention is applied.

[0096] The optical transmission system 10 shown in FIG. 4 is an optical communication system with a transmission
rate B(b/s) (for example, 40 Gb/s, 10 Gb/s or the like) adopting time division muttiplexing (TDM: Time Division Multiplex-
ing).

[0097] In the transmission system 10, an optical transmitter 2 as a transmitting terminal apparatus transmitting a
transmission optical signal and an optical receiver 7 as a receiving terminal apparatus receiving the transmission optical
signal are connected over an optical transmission line (transmission fiber) 3, and a dispersion compensation controlling
apparatus 1 is disposed on the receiving side.

(0098] The optical receiver 7 comprises a polarization-mode dispersion compensator 4, an optical splitting unit 5 and
an optical receiving unit 6. The polarization-mode dispersion compensator 4 receives a control signal from the outside
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to compensate polarization-mode dispersion generated in a transmitted optical signal. The optical splitting unit 5 is dis-
posed in the optical receiver 7 to take out a part of the ransmission optical signal inputted to the receiving side over the
optical transmission line 3, and sends it out as monitor light to the dispersion compensation controlling apparatus 1. The
optical receiving unit 6 receives the transmission optical signal.

[0099] The dispersion compensation controlling apparatus 1 monitors a state of polarization-mode dispersion gener-
ated in the optical signal transmitted over the optical transmission line 3 on the basis of the optical signal taken out by
the optical splitting unit 5, and controls the polarization-mode dispersion compensator 4 according to a result of the
monitoring. The dispersion compensation controlling apparatus 1 comprises a photo receiver 11, a band-pass filter (fe
BPF) 12, an intensity detector 13 and a polarization-mode dispersion controlling unit 90.

[0100] A term “dispersion” is generally used to mean "chormatic dispersion™. In this embodiment, the term "disper-
sion” is used to mean "polarization-mode dispersion”, thus the dispersion compensation controlling apparatus 1 repre-
sents “polarization-mode dispersion compensation controlling apparatus 1.

[0101] The photo receiver 11 receives the optical signal taken out by the optical splitting unit 5, and converts itinto an
electric signal. The band-pass filter 12 detects a first specific frequency component [fe (Hz) component} in a baseband
spectrum of the transmission optical signal inputted to the receiving side over the optical transmission line 3, which
functions as a first specitic frequency component detecting unit.

[0102] Here, the first specific frequency component is appropriately set according to a transmission rate or a signal
waveform of an optical signal. For example, when the transmission optical signal is & 40 Gb/s RZ optical signal (or
OTDM signal), the band-pass filter 12 detects a frequency (40 GHz) corresponding to the bit rate as the first specific
frequency component. When the transmission optical signal is a 10 Gb/s NRZ optical signal, the band-pass filter 12
detects a frequency (5 GHz) corresponding to 1/2 of the bit rate as the first specific frequency.

[0103] The intensity detector 13 detects an intensity of the above first specific frequency component detected by the
band-pass filter 12, which functions as a first intensity detecting unit. The intensity detector (first intensity detecting unit)
13 can output information on the detected intensity of the above first specific frequency component as a monitor signal.
{0104] The polarization-mode dispersion controlling unit 30 detects a polarization-mode dispersion quantity of the
above transmission optical signal from the intensity of the first specific frequency component detected by the intensity
detector 13. This function is achieved by a polarization-mode dispersion quantity detecting unit 14 and a parameter set-
ting circuit (parameter setting unit) 15.

[0105] The polarization-mode dispersion quantity detecting unit 14 detects a polarization-mode dispersion quantity of
the above transmission optical signal from the intensity of the above first specific frequency component detected by the
intensity detecting unit 13 using a first function which is a function showing an intensity of a frequency componentin a
baseband spectrum in an optical waveform forming an arbitrary transmission optical signal, and in which the frequency
information and parameters showing a polarization-mode dispersion quantity are variables.

[0106] The parameter setting circuit 15 outputs a parameter setting control signal having parameter information as a
control quantity for compensating polarization-mode dispersion of the above transmission optical signa! on the basis of
the above polarization-mode dispersion quantity detected by the polarization-mode dispersion quantity detecting unit
14 to the polarization-mode dispersion compensator 4 disposed in the optical transmission line 3. Incidentally, the
parameter information concretely signifies a delay quantity (optical delay difference) At between two polarization
modes.

[0107] in other words, in order to compensate polarization-mode dispersion of a transmission optical signal, the
parameter setting circuit 15 outputs a parameter setting control signal for setting such parameter information as to can-
cel a polarization-mode dispersion quantity detected by the polarization-mode dispersion quantity detecting unit 14 to
the polarization-mode dispersion compensator 4 disposed in the optical receiver 7. The parameter setting circuit 15
sets the above parameter information such that the intensity of the above first specific frequency component detected
by the intensity detector 13 becomes the maximum, as will be described later.

[0108) Here, "such that an intensity of the first specific frequency component becomes the maximum® means that this
control mode is a mode in which a polarization-mode dispersion quantity of the optical transmission line 3 is controlled
such that the intensity of the first specific frequency component detected by the intensity detector 13 becomes maxi-
mum. In concrete, the polarization-mode dispersion quantity detecting unit 14 extracts an intensity of a frequency com-
ponent in a baseband spectrum in an optical waveform forming an arbitrary transmission optical signal, and detects a
maximum point of the intensity of the first specific frequency component using a function (first function) in which the fre-
quency information and parameters showing a polarization-mode dispersion quantity are variables, a controlling
method thereof will be described in detail tater.

[0109] Steps to execute a dispersion compensation control are as follows. Namely, the first specific frequency com-
ponent in a baseband spectrum in a transmission optical signal inputted to the receiving side over the transmission fiber
as a transmission line is detected (first specific frequency component detecting step), information on an intensity of the
above first specific frequency component detected at the first specific frequency component detecting step is detected
(first intensity detecting step), and a polarization-mode dispersion quantity of the optical transmission line 3 is controlled
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such that the intensity of the first specific frequency component detected at the first intensity becomes the maximum
(polarization-mode dispersion controlling step).

[0110] Onthe other hand, the polarization-mode dispersion compensator 4 in the optical receiver 7 receives a param-
eter setting control signal from the parameter setting circuit 15 of the dispersion compensation controlling apparatus 1,
and sets parameter information on the basis of the control signal, thereby compensating polarization-mode dispersion
generated in an optical signal transmitted over the optical transmission line 3. The polarization-mode dispersion com-
pensator 4 comprises, as shown in FIG. 5, an optical axis adjuster 4D and a polarization maintaining fiber (PMF: Polar-
ization Maintaining Fiber) 4A-4.

{0111]  The optical axis adjuster (polarization controller) 4D adjusts an axis when a received light is inputted to the
polarization maintaining fiber 4A-4. Namely, the optical axis adjuster 4D adjusts a polarization state of an inputted opti-
cal signal in a direction of the polarization primary axis of the polarization maintaining fiber 4A-4, also adjusts a polari-
zation direction such that a code of a delay quantity to be given by the polarization maintaining fiber 4A-4 cancels a
delay quantity of the optical transmission line 3. The optical axis adjuster 4D comprises, for example, wave plates[a 1/2
wave plate (A/2 plate) 4D-11 and a 1/4 wave plate (\/4 plate) 4D-12}, and actuators 4D-13 and 4D-14 to perform a polar-
ization control at a predetermined angle, adjusting to a major axis and a minor axis of the optical fiber being used.
[0112] The polarization maintaining fiber 4A-4 gives a predetermined delay difference to two orthogonal polarization
mode components, which actually has a function as a delay quantity compensator of a fixed delay quantity. Namely, a
function as a delay compensator (At compensator) relates to a delay quantity At between two poralization modes,
which is achieved by the polarization maintaining fiber 4A-4.

[0113] An optical signal transmitted from the optical transmitter 2 passes through the optical transmission line 3, and
is inputted to the optical receiver 7. In the optical axis adjuster 4D, a polarization state of the inputted optical signal is
such that a polarization direction thereof is so adjusted that a code of a delay quantity given by the polarization main-
taining fiber 4A-4 cancels a delay quantity in the optical transmission line 3. Further, a part of the transmission optical
signal is sent out as monitor fight from the optical splitting unit 5 to the dispersion compensation controlling apparatus
1, while the other part of the transmission optical signal is sent out to the optical receiving unit 6. The optical signa!
inputted to the dispersion compensation controlling apparatus 1 is converted from an optical signal to an electric signal
(OfE-converted) in the photo receiver 11, and the first specific frequency component (fe [Hz] component) in a baseband
spectrum of the inputted transmission optical signal is detected by the band-pass filter 12. Further, information on an
intensity of the first specific frequency component is obtained by the intensity detector 13, and a polarization-mode dis-
persion quantity is detected by the polarization-mode dispersion quantity detecting unit 14. A parameter setting control
signal for setting parameter information At compensating a polarization-mode dispersion of the transmission optical
signal is outputted from the parameter setting circuit 15 to the polarization-mode dispersion compensator 4 disposed in
the optical receiver 7, whereby polarization-mode dispersion of the transmission optical signal is compensated. An opti-
mum control as the delay quantity compensator (optical axis adjuster 4D, polarization maintaining fiber 4A-4) is per-
formed in a polarization direction given by the optical axis adjuster 4D.

[0114] Next, FIG. 6 and FIG. 7 show a structure of an experimental system researching an effect of polarization-mode
dispersion on an optical signal in a 40 Gb/s optical transmission system. Results of the research using this experimental
system are shown in FIGS. 8(a) through 8(e), 9, 10(a) and 10(b).

[0115] The 40 Gb/s optical transmission system 100 shown in FIG. 6 simulates a 40 Gb/s optical communication sys-
tem adopting optical time division multiplexing. In the optical transmission system 100, an optical transmitter 101 and
an optical receiver 102 are connected over an optical transmission line 103. In order to simulatively give polarization-
mode dispersion to an optical signal, a polarization controller (PC) 104 and a commercially available polarization-mode
dispersion emulator (PMD emulator) 105 are disposed in the optical transmission line 103. When an RZ optical signal
is used, it is as well possible to monitor in this experimental system.

[0116] The optical transmitter 101 comprises a laser diode (LD) 101A, an optical modulator 1018 and an optical post-
ampiifier 101C. The laser diode 101A is a signal light source. The optical post-amplifier 101C is an optical amplifier. The
optical modulator 1018 modulates light from the laser diode 101A into a 40 Gb/s optical time division muitiplex (OTDM)
optical signal. As the optical modulator 1018, here is used an optical time division multiplexing modutator (hereinafter
referred to as an OTDM modulator, occasionally) as shown in FIG. 15.

[0117] As shown in FIG. 15, the OTDM modulator 200 comprises a 20 GHz optical switching unit (1x2 switch) 201, a
20 Gb/s data modulating unit 202, a phase controlling unit (Phase controller) 203 and an optical multiplexing unit (Mul-
tiplexer) 204. The 20 GHz optical switching unit 201 is a 1x2 optical switch. The 20 Gb/s data modulating unit 202 per-
forms data-modulation separately on optical clock signals in two systems split by the 20 GHz optical switching unit 201,
which comprises two modulating units (Two modulators). The phase controlling unit 203 controls a phase difference
between optical waves of the optical signals in two systems outputted from the 20 Gb/s data modulating unit 202. The
optical multiplexing unit 204 multiplexes the optical signals in two systems outputted from the phase controlling unit 203.
FIGS. 16(a) through 16(c) show optical waveforms (optical waveforms at positions denoted by (D through @ in FIG.
15) outputted from the optical switching unit 201, the data modulating unit 202 and the optical nultiplexing unit 204.

18

BNSOOCID: <EP. 0064237A1 1 >




20

25

30

40

45

50

55

EP 0964 237 A1

FIGS. 16(a) through 16(c) are diagrams for illustrating an operating principte of the OTDM modulator operates. An opti-
cal waveform of the optical signal outputted from the OTDM modulator 200 shown in FIG. 15 corresponds to FIG. 16(c).
[0118] FIGS. 8(a) through 8(e) show deteriorated 40 Gb/s optical time division multiplex waveforms when an optical
delay difference At is changed and given thereto by the PMD emulator 105.

[0119] Back to FIG. 6, in the PMD emulator 105, a polarization beam splitter (PBS) 105A is disposed at a branching
portion of an optical waveguide of a branching type, a polarization beam splitter (PBS9 1050 is disposed at a combining
portion of the optical waveguide 10SE, an optical delay (optical delay) 105B is disposed in one paraliel optical
waveguide 105F of the optical waveguide 10SE, and an optica! attenuator (optical attenuator) 105C is disposed in the
other one of the paralle! optical waveguide 105G of the optical waveguide 105E, as shown in detail in FIG. 7.

[0120] Inthe PMD emulator 105, an inputted opticali signal is split into two polarization components by the polarization
beam splitter 105A. A polarization component propagating through the paralle! optical waveguide 105F is given a delay
quantity (optical delay difference) At between two polarization modes by the optical delay 105B. In order to equalize
optical losses of the parallel optical waveguides 105F and 105G, a level of a polarization component propagating
through the parallel optical waveguide 105G is adjusted by the optical attenuator 105C. Further, the polarization com-
ponents otuputted from the parallel optical waveguides 105G and 105G are coupled still in an orthogonal state by the
polarization beam splitter 105D, and outputted.

[0121] The polarization controller 104 is disposed on the inputting side of the PMD emulator 105 to change a splitting
ratio (hereinafter referred to as an optical intensity splitting ratio, occasionally) of an optical intensity of polarization com-
ponents at the polarization beam spilitter (PBS: Polarization Beam Splitter) 105A of the PMD emulator 105.

[0122] As above, polarization-mode dispersion (delay quantity At, optical intensity splitting ratio y) is simulatively given
to an optical signal by the polarization controller 104 and the PMD emulator 105.

[0123] Again back to FIG. 6, the optical receiver 102 comprises an optical preamplifier 102A, an optical DEMUX
(Demuiltiptex) 102B, a photodiode (PD) 102C, an amplifier 102D, an HBT D-FF 102E, a receiving unit 102F, a photodi-
ode (PD) 102G, a band-pass filter (BPF) 102H, a timing extracting unit (PLL) 1021, and a polarization-mode dispersion
monitor (PMD monitor) 102J.

{0124] Inthe optical receiver 102, a method of monitoring a state of polarization-mode dispersion uses an optical sig-
nal (the one inputted to the photodiode 102G) split from the main signal system outputted from the optical preamplifier
102A shown in FIG. 6. Namely, the 40 Gb/s optical signal is converted into an electric signal (O/E-converted) by the
photodiode 102G, a 40 GHz component in a baseband spectrum of the optical signal is extracted by the band-pass filter
102H of 40 GHz, and an intensity of the extracted 40 GHz component is measured by a power meter of the PMD mon-
itor 102J.

[0125] Next, At (delay quantity) and ydependency of receiver sensitivity deterioration will be described with reference
to FIG. 9 (denoted by I) and FIG. 10(a). At and y dependency of a 40 GHz component intensity will be described with
reference to FIG. 9 (denoted by 1I) and FIG. 10(b). Here, | and il in FIG. 9 show At dependency of receiver sensitivity
deterioration and y dependency of a 40 GHz component intensity when an optical intensity splitting ratio y = 0.5.
[0126] The one denoted by a reference character | in FIG. 9 depicts At dependency of receiver sensitivity deteriora-
tion (power penalty) due to transmission, while the other one denoted by a reference character Nl in FIG. 9 depicts At
dependency of a 40 GHz component intensity when an optical intensity splitting ratio y = 0.5. As shown in the one
denoted by a reference character Il in FIG. 9, a 40 GHz component intensity is the maximum when At =0 (ps),
decreases with increasing At, and is the minimum when At = 12.5 (ps) . When At further increases, the 40 GHz com-
ponent intensity turns to an increase, and is equal to the original intensity when it becomes an equal value of one time
slot (At =25 ps).

[0127] FIG. 10(b) depicts optical intensity splitting ratio y dependency of the 40 GHz component intensity when a
delay quantity At = 10 (ps). As shown in FIG. 10(b), the 40 GHz component intensity is the minimum when y= 0.5, and
is the maximumwheny=0o0r 1.

{0128] On the other hand, as seen from the other one denoted by a reference character § in FIG. 9 and FIG. 10(a), it
is known that, from results of measuring At dependency of receiver sensitivity deterioration due to transmission, the
best state with respect to At in which the receiver sensitivity deterioration due to transmission is the minimum is when
At =0 (ps), and the best state with respect to the optical intensity splitting ratio y in which the receiver sensitivity dete-
rioration due to transmission is the minimum is when y = 0 or 1. This coincides with a case where the 40 GHz compo-
nent intensity is the maximum, as stated above. When y = 0.5 at which waveform deterioration due to polarization-mode
dispersion is the maximum, an allowable value (PMD tolerance) of polarization-mode dispersion at which the receiver
sensitivity deterioration after transmission is below 1 dB is about 0 ps.

[0129] FIG. 11 shows a structure of an experimental system of a 10 Gb/s NRZ transmission system whose value of
the transmission rate B is not 40 GHz. The 10 Gb/s NRZ transmission system 110 shown in FIG. 11 simulates a 10 Gb/s
optical communication system transmitting an NRZ signal. Results of researching an effect on an optical signal by the
polarization-mode dispersion control are shown in FIGS. 12(a) through 12(j). 13, 14 (a) and 14(b).

[0130) In the NRZ transmission system 110 shown in FIG. 11, an optical transmitter 111 and an optical receiver 112
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are connected over an optical transmission line 113. In order to simulatively give polarization-mode dispersion to an
optical signal, a polarization controller (PC) 114 and a commercially available polarization-mode dispersion emulator
(PMD emulator) are disposed in the optical transmission line 113. In the optical transmission line 113, a 1.3 um band
zero-dispersion fiber (SMF) 113A of 50 km long is interposed according to the experiment.

[0131)  The polarization controller 114 and the PMD emulator 115 simulatively give polarization-mode dispersion
(delay quantity At and optical intensity splitting ratio v) to an optical signal, which are similar to the polarization controller
104 and the PMD emulator 105 (refer to FIG. 6) described above. The optical transmitter 111 comprises a laser diode
(LD) 111A, an optical modulator 111B and an optical post-amplitier 111C.

[0132] The optical modulator 111B of the optical transmitter 111 modulates light from the laser diode 111Ainto a 10
Gb/s NRZ optical signal. As the optical modulator 111B, here is used a lithium niobate optical modulator (LiINbO5 optical
modulator; not shown) of a Mach-Zehnder type. Incidentally, a 10 Gb/s NRZ waveform is generated by driving the lith-
ium niobate optical modulator by a 10 Gb/s NRZ electric signal.

[0133]) FIGS. 12(a) through 12(j) show deteriorated 10 Gb/s NRZ waveforms at a receiving terminal in the case where
an optical delay difference At is varied by the PMD emulator 115 and given to the 10 Gb/s NRZ optical signal outputted
from the optical modulator 111B shown in FIG. 11. FIGS. 12(a) through 12(e) show 10 Gb/s NRZ waveforms in the case
transmission over the SMF 113A is not performed, while FIGS. 12(f) through 12(j) show 10 Gb/s NRZ waveforms in the
case transmission over the SMF 113A is performed.

[0134] Backto FIG. 11, the optical receiver 112 comprises an optical preamplifier 112A, a photodiode (PD) 112B, a
receiving unit 112C, a photodiode (PD) 112D, a band-pass filter (BPF) 112E, and a polarization-mode dispersion mon-
itor (PMD monitor) 112F. A flow of a process of monitoring polarization-mode dispersion in the optical receiver 112 is
as follows. Namely, an optical signal split from the main signal system is converted into an electric signal (O/E<on-
verted) by the photodiode 112D, a 5 GHz component in a baseband spectrum of the optical signal is extracted by the
band-pass filter 112E of 5 GHz, and an intensity of the extracted 5 GHz component is measured by a power meter as
the PMD monitor 102F. incidentally, since the 10 Gb/s NRZ signal does not have a 10 GHz component intensity, a 5
GHz component that is a half thereof is extracted and an intensity of it is measured.

[0135] FIG. 13 shows At (delay quantity, group delay) dependency of receiver sensitivity deterioration (power penalty)
due to transmission (refer to a reference character Ill in FIG. 13). and At dependency of 5 GHz component intensity
(refer to a reference character IV in FIG. 13) when an optical intensity splitting ratio y = 0.5. As shown in the one denoted
by a reference character IV in FIG. 13, the 5 GHz component intensity is the maximum when A < = 0 (ps), similarly to
the case of the transmission rate 40 Gb/s OTDM signal. However, this case differs in point that a cycle for At is twice
one time slot from the case of the transmission rate 40 Gt/s OTDM signal.

[0136] FIG. 14(a) shows results of measuring optical intensity splitting ratio y dependency of receiver sensitivity dete-
rioration. FIG. 14(b) shows y dependency of 5§ GHz component intensity when a delay quantity At = 40 ps . As shown
in FIG. 14(a), the receiver sensitivity deterioration is the maximum when y=0.5, and is the minimumwheny=0 or 1.
As shown in FIG. 14(b), the 5 GHz component intensity is the minimum when Y= 0.5, and is the maximum when y=0
or 1, similarly to the case of the transmission rate 40 Gb/s OTDM signal.

[0137] Asseen from FIGS. 13, 14(a) and 14(b), when At = 0 (ps) with respect to At, and when v =0o0r 1 with respect
toy, the state is the bast in which receiver sensitivity deterioration due to transmission is the minimum. This coincides
with the case where the S GHz component is the maximum, as stated above.

[0138] When y = 0.5 at which waveform deterioration due to polarization-mode dispersion is the maximum [refer to
FIG. 14(a)], an allowable value (PMD tolerance) of polarization-mode dispersion at which receiver sensitivity deteriora-
tion after transmission is below 1 dB is about 30 ps as shown by a reference character lll in FIG. 13 when no fiber trans-
mission is performed.

[0139]) As above, the PMD tolerance is almost inversely proportional to a transmission rate (bit rate) of an optical sig-
nal.

[0140] Namely, the greater the transmission rate of an optical signal and the larger the transmission distance of an
optical signal, the more an effect by polarization-mode dispersion cannot be ignored.

[0141] Meanwhile, a method of detecting an intensity of a predetermined frequency component is as follows. Namely,
the polarization-mode dispersion quantity detecting unit 14 (refer to FIG. 4) extracts an intensity of a frequency compo-
nent in a baseband spectrum in an optical waveform forming an arbitrary transmission optical signal, and detects a
maximum point of the intensity of the first specific frequency component using a function (first function) in which the fre-
quency information and parameters showing a polarization-mode dispersion quantity are variables. The first function
mentioned here is a function quantitatively representing dependency of a 20 GHz component intensity in the 40 Gb/s
RZ waveform on A, or dependency of a 5 GHZ component intensity in the 10 Gb/s NRZ waveform on At, which is
determined according to At and v . Hereinafter, description will be made of the first function, in which a controlling
method using this function will be referred to as a control mode 1 in order to discriminate it from a control method to be
described later. :

[0142] Assuming that a time change of an optical intensity is F(t) when no polarization-mode dispersion (delay quan-
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tity At, optical intensity splitting ratio y) is given, a time change of an optical intensity when polarization-mode dispersion
is given is expressed by the following formula (1):

YF()+(1-7)F(t+AT) m

{0143]  An electric field intensity of an electric signal after received is proportional to the value. The intensity detector
13 (refer to FIG. 4) detects a value of the square of it as a change with time of the intensity. Therefore, a baseband spec-
trum P(f) of an optical signa! is given by the Fourier transform as shown in formula (2):

P(f) = IH{YF(+(1-y)F(t+A1)} * explit)dt]® (2
= |Y[F(1) - expliot)dt+(1-y)[Ft+A7)  expli wt)dt]?

= [YIF(t) » expliot)dt+{1-) * exp(-iwAT)| F(t) » exp(ict)dt] 2

= K(f) « IfF(Y) + (otidt)®

where the factor of proportionality K(f) is expressed by a formula (3):

K(f) = ty+(1-¥) - exp(-iwat)|? (3)
= [y+(1-y) * {cos(wAT)-i * sin(wAT))|?
= 1-4y(1-y)sin % (nfAT)

where w = 2nf.

[0144]  As above, since parameters At and v in terms of a state of polarization-mode dispersion are included in only
K(f). it is possible to separate it from a baseband spectrum |[F(t) « exp(imt)dtl2 of an optical signal without polarization-
mode dispersion.

[0145]  Since K= K(f.At,y) from the formula (3). when the above first specific frequency component fe (H2) is
extracted by the band-pass filter 12 (refer to FIG. 4) and an intensity thereof is detected by the intensity detetor 13,
K(f.At.v)=K(fe|At,) , s0 that K is dependent on the delay quantity At and the optical intensity splitting ratio v, where
K{fe| At.y) is a function having variables At and ywhen fe is given. Accordingly, by measuring optical intensities (factors
of proportionality thereof) K(f) at two kinds of frequencies fe (Hz) on the receiving side, it is possible to uniquely deter-
mine At and yin the transmission line.

[0146] Moreover, since the formula (2) is established with respect to a general formula F(t) representing an optical
waveform, the above result that a state of polarization-mode dispersion can be detected with K(fe) is established irre-
spective of a signal form (NRZ or RZ) and a change in waveform such as chromatic dispersion, nonlinear effect or the
like. Incidentally, in the results of the experiment with the 10 Gb/s NRZ transmission system, the 5 GHz component
intensity is large at the time of fiber (SMF) transmission. A reason of this is that |[F(t) - exp(i «t)dt/? is large, which meets
a result that it is proportional to K(fe) with respect to polarization-mode dispersion.

{0147] When a state of polarization-mode dispersion is the bast, that is, when waveform deterioration due to polari-
zation-mode dispersion is the minimum, it coincides with when an intensity of the fe{Hz) component is the maximum,
as stated above. Therefore, it is possible to detect a polarization-mode dispersion quantity using the formulae (2) and
(3) when the polarization-mode dispersion compensator 4 disposed in the optical transmission line 3 controls a delay
quantity At and compensates polarization-mode dispersion. Accordingly, the above parameter inforamtion is a delay
quantity At between two polarization modes.

[0148] Namely, the formulae (2) and (3) are so generalized as to quantitatively detect a state of polarization-mode
dispersion (function of a delay quantity At and an optical intensity splitting ratio y) from a frequency component intensity
extracted from a baseband spectrum of an optical signal irrespective of a change in waveform such as a signal form
(NRZ, RZ or the like) and a change in waveform such as chromatic dispersion, nonlinear effect or the like.

[0149] In other words, the formulae (2) and (3) correspond to the first function (function in which frequency information
and parameters showing a polarization-mode dispersion quantity are variables) of an intensity of a frequency compo-
nent in a baseband spectrum in an optical waveform forming an arbitrary transmission optical signal (for example, a 40
Gb/s OTDM signal or a 10 Gb/s NRZ signal) used when the polarization-mode dispersion quantity detecting unit 14
detects a polarization-mode dispersion quantity of the transmission optical signal.

[0150] A flow of a signal in the optical transmission system 10 shown in FIG. 4 is as follows. An optical signal ata
transmission rate B (b/s) transmitted from the optical transmitter 2 is transmitted to the optical receiver 7 over the optical
transmission line 3, a part of the optical signal transmitted over the optical transmission line 3 is taken out by the optical
splitting unit 5, and the optical signal (monitor light) taken out is sent to the dispersion compensation controlling appa-
ratus 1 in order to compensate polarization-mode dispersion generated in the transmitted optical signal in the receiving
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terminal. in the dispersion compensation controlling apparatus 1, a state of polarization-mode dispersion generated in
the optical signal transmitted over the optical transmission line 3 is monitored on the basis of the optical signal taken
out by the optical splitting unit 5, and a control by the polarization-mode dispersion compensator 4 is performed accord-
ing to a result of the monitoring.

[0151] This polarization-mode dispersion quantity detecting step (detecting step in a control mode 1) is as follows. In
the dispersion compensation controlling apparatus 1, the optical signal taken out by the optica! splitting unit 5 is first
received by the photo receiver 11, converted into an electric signal (O/E-converted), then inputted to the band-pass filter
12.

[0152] The first specific frequency component [fe (Hz) component] in a baseband spectrum in the transmission optical
signal inputted to the receiving side over the transmission fiber is detected by the band-pass filter 12 (specific frequency
component detecting step), and an intensity of the above specific frequency component detected at the specitic fre-
quency component detecting step is detected by the intensity detecting unit 13 (intensity detecting step). Further, in the
polarization-mode dispersion quantity detecting unit 14, a predetermined functional operation [functional operation
using the above formulae (1) and (2)] is performed from information on the intensity of the above specific frequency
component detected at the intensity detecting step, whereby a polarization-mode dispersion quantity of the above
transmission optical signal is detected (dispersion quantity detecting step).

[0153] Here, when the above transmission optical signal is a 40 Gb/s RZ optical signal or a 40 Gb/s OTDM signal, for
example, the specific frequency whose component is detected at the specific frequency component detecting step is
set to a frequency (40 GHz) corresponding to the bit rate. Further, when the above transmission optical signal is a 10
Gb/s NRZ optical signal, the specific frequency whose component is detected at the specific frequency component
detecting step is set to a frequency (5 GHz) corresponding to 1/2 of the bit rate. Namely, the specific frequency whose
component is detected at the specific frequency component detecting step is set to a frequency whose component in a
baseband spectrum in the above transmission signal can be stably obtained over a period of time.

[0154] In the polarization-mode dispersion quantity detecting unit 14 (corresponding to the dispersion quantity detect-
ing step), the above predetermined functional operation (tirst functional operation) is performed using the first function
that is a function which shows an infensity of a frequency component in a baseband spectrum in an optical waveform
configuring an arbitrary transmission optical signal, and in which the frequency information and parameters showing a
polarization-mode dispersion quantity are variables.

[0155] Inthe parameter setting circuit 15, a parameter setting control signal for setting such parameter information
(delay quantity At ) as to cancel a polarization-mode dispersion quantity detected by the polarization-mode dispersion
quantity detecting unit 14 is outputted to the polarization-mode dispersion compensator 4 disposed in the optical
receiver 7 in order to compensate polarization-mode dispersion of the transmission optical signal.

[0156] Namely, in the dispersion compensation controlling apparatus 1, a state of polarization-mode dispersion [this
is expressed as a function of a defay quantity At and y [the above formulae (2) and (3)]] of the optical transmission line
3 is detected by the polarization-mode dispersion quantity detecting unit 14 from a value of an fe (Hz) component inten-
sity detected by the intensity detector 13, and information thereon is fed back to the polarization-mode dispersion com-
pensator 4 through the parameter setting circuit 15 in order to control the polarization-mode dispersion compensator 4.
[0157] The polarization-mode dispersion compensator 4 sets parameter information on the basis of the contro! signal
when receiving the parameter setting control signal so as to compensate polarization-mode dispersion generated in an
optical signal transmitted over the optical transmission line 3.

[0158] According to the dispersion compensation controlling apparatus 1 according to the first embodiment of this
invention, in the control mode 1 (method using the first function), an intensity of the first specific frequency component
in a baseband spectrum in a transmission optical signal is detected, and a predetermined first functional operation is
performed to detect a polarization-mode dispersion quantity of the transmission optical signal from the intensity of the
detected first specific frequency component, so that polarization-mode dispersion generated in the transmission optical
signal is easily detected.

[0159] Asin the above way, a polarization-mode dispersion quantity is detected at all times, and parameter informa-
tion for compensating polarization-mode dispersion generated in a transmission optical signal is set on the basis of the
detected polarization-mode dispersion quantity, whereby deterioration of a transmission wavform of the optical signal
by compensating the polarization-mode dispersion, which contributes to long-distance transmission of a high-speed
optical signal.

[0160] Incidentally, in FIG. 4 described above, it is possible to extract a timing of a received signal on the basis of the
above first specific frequency component detected by the band-pass filter (first specific frequency component detecting
unit) 12. FIG. 17 is a block diagram showing a structure of an optical transmission system having a dispersion compen-
sation controlling apparatus 1M provided with a timing extracting unit 84 according to the first embodiment of this inven-
tion. The timing extracting unit 84 extracts a timing of a received signal on the basis of the first specific frequency
component detected by the band-pass filter 12. As the timing extracting unit 84, a PLL (Phase-Locked Loop) or the like
is used. Incidentally, like reference characters in FIG. 17 designate like or corresponding parts in FIG. 4, turther descrip-
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tions of which are thus omitted.
{0161] Since a fe (Hz) component is a signal in synchronization with a received waveform as above, it is possible to
take out a clock signal by the timing extracting unit 84, and use it for discrimination or the like in the optical receiver 7.

(B1) Description of a First Modification of the First Embodiment

[0162] FIG. 18 is a block diagram showing a structure of an optical transmission system to which a dispersion com-
pensation controlling apparatus according to a first modification of the first embodiment is applied. The optical transmis-
sion system 210A shown in FIG. 18 is as well an optical communication system with a transmission rate B (b/s) (for
example, 40 Gb/s, 10 Gb/s or the like) adopting timing division multiplexing. In the optical transmission system 210A,
an optical transmitter 2 and an optical receiver 207a are connected over an optical transmission line (transmission fer)
3, and a dispersion compensation confrolling apparatus 1M is provided on the receiving side. Here, the optical trans-
mitter 2 and the optical transmission path 3 are similar to those described above, further descriptions of which are thus
omitted.

[0163] The optical transmission system 210A differs from the one according to the first embodiment in that signals in
two systems are outputted from the optical splitting unit 205a. Namely, a frequency value to detect the specific fre-
quency component is of one kind according to the first embodiment, whereas frequency values to detect the specific
frequency component are of two kinds according to this modification. Hereinafter, the former will be referred to as a
detection form 1, whereas the latter will be referred to as a detection form 2, for the sake of explanation. Summarizing
the control modes, the first embodiment adopts the control mode 1 using the detection form 1, whereas this modification
adopts the control mode 1 using the detection form 2. As to a relationship between the first function and its parameters,
F=K(f, At,v) . For this, the receiving side using the detection form 1 can detect only one kind of frequency 1, and an
optical intensity K, thereat, but cannot determine values of At and v if the receiving side does not know either one of
the values At and v, thus the receiving side cannot determine a control value. In consequence, it is necessary to use a
control system being capable even if values of At and y cannot be uniquely determined, such as a maximum value con-
trol system or the like.

[0164] On the other hand, the receiving side using the detection form 2 can detect two kinds of frequencies fyand f,
and optical intensities Ky and Kj thereat, so that the receiving side can determine the both values At and v, and thus a
control value. Meanwhile, since it is practically difficut for the receiving side to directly adjust a value of v, yis used for
monitoring rather than for control (refer to an output of the parameter setting circuit 15 in FIG. 18). Incidentally, the
detection form 2 means a form in which different frequencies in two systems are used to perform one polarization-mode
dispersion compensation (used in the same meaning when chromatic dispersion compensation to be described later is
performed).

[0165) The optical receiver 207a comprises a polarization-mode dispersion compensator 4, an optical splitting unit
205a and an optical receiver 6. The polarization-mode dispersion compensator 4 and the optical receiving unit 6 are
similar to those described above, further descriptions of which are thus omitted. The optical splitting unit 205a takes out
apart of a ransmission optical signal inputted to the receiving side over the optical transmission line 3, and sends it out
as monitor light in two systems to the dispersion compensation controlling apparatus 1M.

[0166] The dispersion compensation controlling apparatus 1M monitors a state of polarization-mode dispersion gen-
erated in an optical signal transmitted over the optical transmission line 3 on the basis of the optical signal taken out by
the optical splitting unit 205a, and controls the polarization-mode dispersion compensator 4 according to a resuit of the
monitoring, which comprises photo receivers 11a and 11b, band-pass filters (fe BPF) 12a and 12b, intensity detecting
units 13a and 13b, and a polarization-mode dispersion controlling unit 90a. The photo receivers 11a and 11b, the band-
pass filters 12a and 12b, the intensity detectors 13a and 13b are similar to the photo receiver 11, the band-pass filter
12 and the intensity detector 13 described above, respectively, further descriptions of which are thus omitted.

[0167] Although a term "dispersion” is generally used to mean "chromatic dispersion”, the term "dispersion” is used
to mean “polarization-mode dispersion” in this modification, the dispersion compensation controlling apparatus 1M thus
represents "polarization-mode dispersion controlling apparatus 1M".

[0168] The polarization-mode dispersion controlling unit 90a performs a control using the detection form 2 using the
control mode 1. Namely, the polarization-mode dispersion controlling unit 90a detects a polarization-mode dispersion
quantity of the above transmission optical signal from an intensity of the first specific frequency component detected by
the intensity detector 13b and an intensity of a third specific frequency component detected by the intensity detector
13b. This function is achieved by a polarization-mode dispersion quantity detecting unit 14 and a parameter setting cir-
cuit 15. Incidentally, the polarization-mode dispersion quantity detecting unit 14 and the parameter setting circuit 15 are
similar to those described above, further descriptions of which are thus omitted.

[0169] A controlling method by the polarization-mode dispersion controlling unit 90a is as follows. Namely, with two
kinds of frequency information (first specific frequency component information and the third specific frequency compo-
nent information) obtained by the two intensity detectors 13a and 13b, parameters At and y are determined as in a way
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of solving simultaneous equations with two unknowns in terms of the first function. At is controlled, while yis used for
monitoring. Here, the first function is an established form relating to dependency of the 40 GHz component intensity in
a 40 Gb/s OTDM waveform on A, or dependency of the 5GHz component intensity in a 10 Gb/s NRZ waveform on At
. When y can be fed back to the transmitting side as well, it is possible to control a splitting ratio of an optical intensity
(as to this embodiment, description will be made in another modification).

[0170] Namely, the dispersion compensation controlling apparatus 1M comprises a third specific frequency compo-
nent detecting unit (band-pass filter 12b) detecting the third specific frequency component in a baseband spectrum in
a transmission optical signal, and a third intensity detecting unit (polarization-mode dispersion quantity detecting unit
14) detecting information on an intensity of the above third specific frequency component detected by the third specific
frequency component detecting unit. Besides, the polarization-mode dispersion controlling unit 90a comprises the
polarization-mode dispersion quantity detecting unit 14 detecting a polarization-mode dispersion quantity from the
intensity of the first specific frequency component and the intensity of the third specific frequency component detected
by the first intensity detecting unit and the third intensity detecting unit (polarization-mode dispersion quantity detecting
unit 14), respectively, using the first function which is a function representing an intensity of a frequency component in
a baseband spectrum in an optical waveform configuring an arbitrary transmission optical signal and in which the fre-
quency information and parameters showing a polarization-mode dispersion quantity are variables, and the parameter
sefting circuit 15 outputting a parameter setting control signal having parameter information as a contro! quantity for
compensating polarization-mode dispersion of the above transmission optical signal on the basis of the above polari-
zation-mode dispersion quantity detected by the polarization-mode dispersion quantity detecting unit 14 to the polari-
zation-mode dispersion compensator 4. incidentally, the parameter information is a delay quantity (optical delay
difference) At between two polarization modes. The parameter setting circuit 15 outputs a parameter setting control sig-
nal for setting the above parameter information to the polarization-mode dispersion compensator 4 disposed in the
receiving terminal apparatus (optical receiver 7a) which is a receiving terminal of the above transmission optical signal.
[0171]  In the above structure, received light is split into two by the optical splitting unit 205a, O/E-converted by the
photo receivers 11a and 11b, then inputted to the band-pass fitters 12a and 12b. In the band-pass fitter 12a, the first
specific frequency component in a baseband spectrum in the transmission optical signal inputted to the receiving side
over the optical transmission fiber is detected, while in the band-pass filter 12b, the third specific frequency component
in the baseband spectrum of the transmission optical signal inputted to the receiving side over the transmission optical
fiber is detected (specific frequency component detecting step). Further, intensities of the above first specific frequency
component and the third specific frequency component detected by the intensity detectors 13a and 13b at the specific
frequency component detecting step are detected (intensity detecting step) . Still further, in the polarization-mode dis-
persion quantity detecting unit 14, a polarization-mode dispersion quantity of the above transmission optical signal is
detected from information on the intensities of the above two kinds of specific frequency components detected at the
intensity detecting step by performing a predetermined functional operation [functional operation using the above for-
mulae (2) and (3)] (dispersion quantity detecting step).

[0172] By using that a time at which waveform deterioration due to polarization-mode dispersion is the minimum and
a time at which the fe (Hz) component intensity is the maximum coincide, and since a polarization-mode dispersion
quantity is detected in the control mode 1 and the detection form 2, as above, it is possible to control a delay quantity
At to compensate polarization-mode dispersion by the polarization-mode dispersion compensator 4 disposed in the
optical transmission path 3.

[0173] Itis possible as well to quantitatively detect a state of polarization-mode dispersion (function of a delay quantity
Ar) from a frequency component intensity extracted from a baseband spectrum of an optical signal irrespective of a sig-
nal form (NRZ, RZ or the like) and a waveform change such as chromatic dispersion, nonlinear effect or the like.

(B2) Description of a Second Modification of the First Embodiment

[0174)  Although the polarization-mode dispersion compensator 4 is disposed on the side of the optical receiver 7 in
FIGS. 4, 17 and the like above, it is alternatively possible to dispose the polarization-mode compensator 4 on the side
transmitting signal light.

[0175] FIG. 19 is a block diagram showing a structure of an optical transmission system to which a dispersion com-
pensation controlling apparatus according to a second modification of the first embodiment of this invention is applied.
The optical transmission system 10A shown in FIG. 19is as well an optical communication system with a transmission
rate B (b/s) (for example, 40 Gb/s, 10 Gb/s or the like) adopting time division muttiplexing. The optical ransmission sys-
tem 10A differs from the optical transmission system 10 according to the first embodiment in that a polarization-mode
dispersion compensator 4 is disposed in an optical transmitter 2A. Namely, the optical transmission system 10A com-
prises an optical transmitter 2A, an optical transmission line 3, an optical splitting unit 5, an optical receiver 7A and a
dispersion compensation controliing apparatus 1. The optical transmitter 2A comprises a signal light source 5, an opti-
cal modulator 9 and a polarization-mode dispersion compensator 4.
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[0176] The dispersion compensation controlling apparatus 1 sends back a result obtained by detecting a polarization
state of an optical signal on the side of the optical receiver 7A up to the optical transmitter 2A that is the transmitting
side. This sending-back method may be a method of preparing another line with a low speed or a method of multiplex-
ing information on a transmission optical signal in the opposite direction. A term “dispersion™ is generally used to mean
"chromatic dispersion”. In this modification, the term “dispersion” is used to mean "polarization-mode dispersion”, the
dispersion compensation controlling apparatus 1 thus represents "polarization-mode dispersion controlling apparatus”.
[0177] The polarization-mode dispersion compensator 4 disposed in the optical transmitter 2A can change the optical
intensity splitting ratio y of transmission light and send the light. Aithough not shown, an optical amplifier is disposed on
the output's side of the polarization-mode dispersion compensator 4, and this optical amplifier transmits to the optical
transmission line 3. Incidentally, the other parts having the same reference characters have the same or similar func-
tions, further descriptions of which are thus omitted. Since a frequency provided for intensity detection is one system,
here is employed the detection form 1.

[0178] Namely, in the dispersion compensation controlling apparatus 1 according to the second modification of the
first embodiment, a parameter setting circuit 15 outputs a parameter setting control signal for setting the above param-
eter information to the polarization-mode dispersion compensator 4 disposed in the optical transmitter 2A (transmitting
terminal apparatus) transmitting the above transmission opticat signal.

[0179) With the above structure, the optical transmission system 10A operates in the almost similar manner to the
optical transmission system 10 to which the dispersion compensation controlling apparatus 1 according to the first
embodiment is applied. Here, the dispersion compensation controlling apparatus 10A uses the detection form 1 in the
control mode 1.

[0180] According to the dispersion compensation controlling apparatus 1 according to the second modiication of the
first embodiment, it is possible to attain similar effects to the first embodiment described above. In addition, itis possible
to control a polarization direction such that the optical intensity splitting ratio v is in the best state (y = 0 or 1) according
to a state of the optical transmission path 3 by controlling the polarization-mode dispersion compensator 4 disposed in
the optical transmitter 2A, so that polarization-mode dispersion generated in the transmission optical signal is more
effectively compensated.

[0181] Incidentally, the polarization-mode dispersion compensator 4 may be formed as a finear repeater or the like in
the optical fransmission line 3.

[0182] FIG. 20 is a block diagram showing a structure of another optical transmission system to which the dispersion
compensation controlling apparatus according to the second modification of the first embodiment is applied. The optical
transmission system 210B shown in FIG. 20 is as well an optical communication system with a transmission rate B (b/s)
(for example, 40 Gb/s, 10 Gb/s or the like) adopting time division muttiplexing. The optical transmission system 210B
differs from the optical transmission system 10 according to the first embodiment in that a polarization-mode dispersion
compensator 4 is disposed in an optical repeating apparatus (Optical Repeater) 214.

[0183] Namely, the optical transmission system 210 comprises the optical repeating apparatus 214 along with an opti-
cal transmitter 2, an optical transmission lines 3 and 3' and an optical receiver 7A. The optical repeating apparatus 214
amplifies and repeats the above transmission optical signal, which comprises an optical repeater 7' and a dispersion
compensation controlling apparatus 1.

[0184] The optical repeater 7' receives signal light from the optical transmitter 2, and optically amplifies and transmits
it to the optical receiver 7A, which comprises an optical repeating unit 6’ performing optical amplification and optical
retransmission along with the polarization-mode dispersion compensator 4 and an optical splitting unit 5. Incidentally,
the optical transmitter 2, the optical transmission lines 3 and 3', the optical receiver 7A and the dispersion compensation
controliing apparatus 1 other than the above have similar functions to those of the optical transmission system 10
according to the first embodiment, further descriptions of which are thus omitted.

[0185] The dispersion compensation controlling apparatus 1 sends back a resutt of detection on a polarization state
of an optical signal by the optical repeater 7' using the detection form 1 and the control mode 1 to the optical transmitter
2 that is the transmiitting side, and outputs a parameter setting control signal for setting the above parameter information
to the polarization-mode dispersion compensator 4. A sending-back method may be a method of preparing another line
with a low speed or a method of multiplaxing information on a transmission optical signal in the opposite direction. Inci-
dentally, the other parts denoted by the same reference characters have the same or similar functions, further descrip-
tions of which are thus omitted.

[0186] With the above structure, the optical transmission system 2108 operates in the almost similar manner to the
optical transmission system 10 to which the dispersion compensation controlling apparatus 1 according to the first
embodiment using the detection form 1 and the control mode 1 is applied. As this, it is possible to attain the same
effects as the first embodiment described above. In addition, by controlling the polarization-mode dispersion compen-
sator 4 disposed in the repeating apparatus 214, it is possible to more effectively compensate polarization-mode dis-
persion generated in a fransmission optical signal according to a state of the optical ransmission line 3.

[0187] Further, a structure of the polarization-mode dispersion compensation may be varied.
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[0188] FIG. 21 is a block diagram showing an optical transmission system to which still another dispersion compen-
sation controlling apparatus according to the second modification of the first embodiment of this invention is applied.
The optical transmission system 10B shown in FIG. 21 is as well an optical communication system with a transmission
rate B (b/s) (for example, 40 Gb/s, 10 Gb/s or the like) adopting time division multiplexing.

[0189]  The optical transmission system 10B differs from the optical transmission system 10 according to the first
embodiment in that the polarization-mode dispersion compensator 4 is divided into a ycompensator 4B’ and a At com-
pensator 4A, and disposed in an optical transmitter 2B and an optical receiver 7B, the other parts are similar to those
of the optical transmission system 10 acconding to the first embodiment. Namely, the optical transmission system 108
comprises a dispersion compensation controlling apparatus 1A along with the optical transmitter 2B, an optical trans-
mission line 3, and the optical receiver 78.

{0190]  Here, the optical transmitter 2B is a transmitting terminal apparatus transmitting a transmission optical signal,
which comprises a y compensator 4B’ along with a signal light source 8 and the optical modulator 9. The opticat trans-
mission path 3 is a transmission fiber. The optical receiver 7B is a receiving terminal apparatus receiving a transmission
optical signal, which has a At compensator 4A along with an the optical splitter 5 and an optical receiving unit 6.
[0191] The dispersion compensation controlling apparatus 1A is a control apparatus for compensating polarization-
mode dispersion generated in an optical signal transmitted, using the control mode 1, which comprises a photo receiver
11, a band-pass filer (fe BPF) 12, an intensity detector 13, a polarization-mode dispersion quantity detecting unit 14,
and a parameter setting circuit 15. The parameter setting circuit 15 comprises a At setting circuit 15A for setting Az, and
a y setting circuit 15B for setting v . Incidentally, since a frequency provided for intensity detection is one system, here
is employed the detection form 1.

[0192] Information on a polarization state detected by the polarization-mode dispersion quantity detecting unit 14 is
set in the y compensator 48" in the optical transmitter 2B by the v setting circuit 15B in the parameter setting circuit 15,
and set in the At compensator 4A in the optical receiver 7B by the At setting circuit 15A in the parameter setting circuit
15 as well. The polarization-mode dispersion quantity detecting unit 14 and the parameter setting circuit 15 function as
a polarization-mode dispersion controlling unit 90b.

[0193] Namely, in the optical transmission system 108, the dispersion compensation controlling apparatus 1A sends
information relating to y from which a polarization state of an optical signal is obtained on the receiving side (the side of
the optical receiver 7B) of an optical signal to the transmitting side (the side of the optical transmitter 2B), so as to var-
iably control the optical intensity splitting ratio .

[0194] In the dispersion compensation controlling apparatus 1A, the parameter setting circuit 15 outputs a first param-
eter setting control signal for setting a splitting ratio y of an optical intensity to two polarization modes to a first polariza-
tion-mode dispersion compensator (y compensator 48) disposed at an arbitrary position (in the optical transmitter 2B)
in the transmission line, while outputting a second parameter setting control signal for setting a delay quantity At
between the above two modes to a second polarization-mode dispersion compensator (At compensator 4A) arranged
in the rear stage (in the optical receiver 7B) of the first polarization-mode dispersion compensator.

[0195] With the above structure, the optical transmission system 10B operates in the almost similar manner to the
optical transmission system 10 to which the dispersion compensation controlling apparatus 1 according to the first
embodiment using the detection form 1 and the control mode 1 is applied.

[0196] According to the dispersion compensation controlling apparatus 1A, it is possible to attain the same effects as
the first embodiment described above. In addition, itis possible to appropriately control both a detay quantity At and an
optical intensity splitting ratio y since the y compensator 4B’ and the At compensator 4A disposed in the optical trans-
mitter 2B and the optical receiver 7B, respectively, are independently controlled.

(B3) Description of a Third Modification of the First Embodiment

[0197] FIG. 22 is a block diagram showing a structure of an optical transmission system to which a dispersion com-
pensation controliing apparatus according to a third modification of the first embodiment of this invention is applied. The
optical transmission system 10C shown in FIG. 22 is as well an optical communication system with a transmission rate
B (b/s) (for example, 40 Gb/s, 10 Gb/s or the like) adopting time division muttiplexing. The optica! transmission system
10C differs from the optical transmission system 108 according to the second modification of the first embodiment in
that a control on a delay quantity At is performed on an electric stage on the receiving side, the other parts of which are
almost similar to the optical transmission system 10B. In the optical transmission system 10C, detection using the
detection form 1 and the control mode 1 is performed.

[0198] The optical transmission system 10C comprises an optical ransmitter 2, an optical transmission fine 3, an opti-
cal receiver 7C and a dispersion compensation controlling apparatus 1B. The dispersion compensation controlling
apparatus 18 comprises a band-pass filter (fe BPF) 12, an intensity detector 13, a polarization-mode dispersion quan-
tity detecting unit 14 and a parameter setting circuit 215.

[0199] A term “dispersion® is generally used to mean "chromatic dispersion”. In this modification, the term "dispersion”
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is used to mean "polarization-mode dispersion”, the dispersion compensation controlling apparatus 1B thus represents
"polarization-mode dispersion controlling apparatus 1B".

[0200] The polarization-mode dispersion quantity detecting unit 14 and the parameter setting circuit 215 function as
a polarization-mode dispersion controlling unit 90¢. The parameter setting circuit 215 comprises an optical axis setting
circuit 215A for setting a set value of an optical axis adjuster (polarization controlling unit) 4D, and a At setting circuit
15A.

[0201] A flow of a received optical signal in the optical transmission system 10C is as follows. First, an optical axis of
the received light is adjusted in the opfical axis adjuster 4D in the optical receiver 7C, polarization-mode components
are splitby a polarization beam splitter (PBS) 17, and the both mode components are received and converted into elec-
tric signals (O/E-convertded) by photo receivers 11A and 11B. A delay difference At is given between both optical paths
by a variable delay element 18, after that, the signals are multiplexed by a multiplexing circuit 19, and undergo a light
receiving process in an optical receiving unit 6. Incidentally, the variable delay element will be described later.

[0202] A part of the electric signal multiplexed by the multiplexing circuit 19 is split and inputted to the dispersion com-
pensation controlling apparatus 1B, an fe (Hz) component intensity is detected by the band-pass fitter 12 and the inten-
sity detector 13, a state of polarization-mode dispersion of the optical transmission line 3 is detected by the polarization-
mode dispersion quantity detecting unit 14, and the variable delay element 18 and the optical axis adjuster 4D are such
controlled that the fe (Hz) component intensity becomes the maximum, in order that the parameter setting circuit 215
compensates polarization-mode dispersion.

[0203] Inthe above manner, it is possible to appropriately control a delay quantity At like the dispersion compensation
controlling apparatus 1A according to the second modification of the first embodiment.

(B4) Description of a Fourth Modffication of the First Embodiment

[0204) As an optica! transmission system performing a control on a delay quantity At on the electric stage on the
receiving side, one shown in FIG. 23 is also possible. A controlling method in this case uses the control mode 1 as well,
but the method is slightly different. Since a frequency provided for intensity detection is one system, it means that here
is employed the detection form 1.

[0205] FIG. 23 is a block diagram showing a structure of an optical transmission system to which a dispersion com-
pensation controliing apparatus according to a fourth modification of the first embodiment of this invention is applied.
The optical transmission system 10D is as well an optical communication system with a transmission rate B (b/s) (for
example, 40 Gbvs, 10 Gb/s or the like) adopting time division multiplexing, which comprises an optical transmitier 2, an
optical transmission fine 3, an optical receiver 7D and a dispersion compensation controlling apparatus 1B.

[0206] A term "dispersion” is generally used to mean "chromatic dispersion". In this modification, the term "dispersion”
is used to mean "polarization-mode dispersion”, the dispersion compensation controlling apparatus 1B thus represents
"polarization-mode dispersion compensation controlling apparatus 18"

[0207] The optical receiver 7D splits inputted transmission signal light into three directions, and controls them in only
an electric stage. The optical receiver 7D comprises an X, polarizer 20A, an X, polarizer 208, an X3 polarizer 20C,
photo receivers 11C, 11D and 11E connected thereto, respectively, an intensity variable element 21A connected to the
photo receiver 11C, a variable delay element 18A connected to the photo receiver 11D, a variable delay element 18B
connected to the photo receiver 11E, intensity variable alements 21B and 21C connected to the variable delay elements
18A and 18B, respectively, a multiplexing circuit 19 and an optical receiving unit 6.

[0208] Here, the Xy polarizer 20A, the X, polarizer 20B and the X3 polarizer 20C extract three components, that is,
X3, X and X3, respectively, of Stokes vector (Stokes vector) showing a polarization state of an optical signat. The photo
receivers 11C, 11D and 11E O/E-convert the components of the optical signal, respectively.

{0209] The variable delay element 18A gives a delay quantity At, corresponding to the Stokes vector X,. The variable
delay element 188 gives a delay quantity Atz comesponding to the Stokes vector X. Further, the intensity variable ele-
ments 21A, 21B and 21C give intensity ratios P1, P2 and P3 (here a relationship of P1+P2+P3=1 is satisfied), respec-
tively. The intensity variable element 21A gives an intensity ratio p1 corresponding to the Stokes vector X,, the intensity
variable element 218 an intensity ratio P2 corresponding to the Stokes vector X,, and the intensity variable element
21C an intensity ratio P3 corresponding to the Stokes vector X;3. These five kinds of parameters (At,, AT, P1, P2 and
P3) are appropriately controlled in order to maximize the fe (Hz) component intensity. These intensity ratios P1, P2 and
P3 are parameters corresponding to a /4 plate azimuth (rotation) angle a and a A/2 plate azimuth (rotation) angle .
The multiplexing circuit 19 muitiplexes output signals from the intensity variable elements 21A, 21B and 21C. The opti-
cal receiving unit 6 performs a light receiving process.

[0210] The dispersion compensation controlling apparatus 18 performs a At control in the electric stage, which com-
prises a band-pass filter 12, an intensity detector 13, a polarization-mode dispersion quantity detecting unit 14 and a
parameter setting circuit 215. The polarization-mode dispersion quantity detecting unit 14 and the parameter setting cir-
cuit 215 function as a polarization-mode dispersion controlling unit 90c. The At setting circuit 15A in the parameter set-
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ting circuit 215 inputs control signals to the variable delay element 18A and the variable delay element 18B in the optical
receiver 7D. The intensity setting circuit 215B in the parameter setting circuit 215 inputs intensity ratios to the intensity
variable elements 21A, 21B and 21C in the optical receiver 7D.

[0211] As an example of algorithm of a control on P1, P2 and P3, here is employed a method of moving two among
the three at a time. Namely, P1 and P2 are varied while P3 is fixed such that P1+P2 is constant, thereby controlling the
fe (Hz) component intensity to be of the maximum value. Next, P2 and P3 are varied while P1 is fixed such that P24+P3
is constant, thereby controlling the fe (Hz) component intensity to be of the maximum value. Further, P1 and P3 are var-
ied while P2 is fixed such that P1+P3 is constant, thereby controlling the fe (Hz) component intensity to be of the max-
imum value. incidentally, it is needless to say that the controlling method is possible in another manner.

[0212] A flow of a received optical signal in the optical transmission system 10D is as follows. Transmission signal
light inputted over the optical transmission line 3 is split into three in the optical receiver 7D, received by the photo
receivers 11C, 11D and 11E through the polarizers (X; polarizer 20A, X, polarizer 20B and X3 polarizer 20C) each
transmitting only a corresponding polarization component, and converted into electric signals (O/E-converted). The
optical components received by the photo receivers 11D and 11E are given delay quantities Aty and Aty by the variable
delay elements 18A and 18B, respectively. Further, the three optical components, that is, outputs of these two systems
and an output of the photo receiver 11C, undergo intensity ratio adjustment by the intensity variable elements 21a, 218
and 21C, respectively.

[0213] In this occasion, a part of the electric signal multiplexed by the multiplexing circuit 19 is split and inputted to
the dispersion compensation controlling apparatus 1B, the fe (Hz) component intensity is detected by the band-pass
filter 12 and the intensity detector 13 in the similar manner to the first embodiment, and a state of polarization-mode
dispersion of the optical transmission line 3 is detected by the polarization-mode dispersion quantity detecting unit 14.
Further, in order to compensate the polarization-mode dispersion, the parameter setting circuit 215 controls the variable
delay elements 18A and 18B and the intensity variable elements 21A, 218 and 21C such that the fe (Hz) component
intensity becomes the maximum.

[0214] Incidentally, the variable delay elements 18A and 188, and the intensity variable elements 21A, 21Band 21C
are both controlled in FIG. 23. However, it is possible to use either one of these elements for the control when sufficient
characteristics can be obtained on the receiving side.

[0215) As above, it is possible to attain the same effects as the dispersion compensation controlling apparatus 18
according to the third modification of the first embodiment.

(BS) Description of a Fifth Modification of the First Embodiment

[0216] FIG. 24 is a block diagram showing a structure of an optical transmission system to which a dispersion com-
pensation controlling apparatus according to a fifth modification of the first embodiment is applied, in which an object of
a control can be changed between before system operation (before a start of system operation) and during system
operation (after a start of system operation). A method of controlling a polarization-mode dispersion quantity takes the
control mode 1, and the detection form 1 is employed since a frequency provided for intensity detection is one system.
[0217] The optical transmission system 40 shown in FIG. 24 is as well an optical communication system with a trans-
mission rate B (b/s) (for example, 40 Gbvs, 10 Gbis or the like) adopting time division mutltiplexing. In the optical trans-
mission system 40, an optical transmitter 22 as a transmitting terminal apparatus transmitting a transmission optical
signal and an optical receiver 27 as a receiving terminal apparatus receiving the ransmission optical signal are con-
nected over an optical transmission line (transmission fiber) 23, and a dispersion compensation controlling apparatus
39 and a switch changing-over unit 38 are disposed on the optical receiving side.

[0218] In order to compensate polarization-mode dispersion generated in an optical signal transmitted, the optical
receiver 27 comprises a polarization-mode dispersion compensator 24, an optical splitting unit 25 and an optical receiv-
ing unit 26. The polarization-mode dispersion compensator 24 more efficiently compensates polarization-mode disper-
sion generated in the transmission optical signal according to a state of the optical transmission line 3. The optical
splitting unit 25 takes out a part of the transmission optical signal inputted to the receiving side over the optical trans-
mission line 3, and sends it out as monitor light to the dispersion compensation controlling apparatus 39. The optical
receiving unit 26 receives the transmission optical signal.

[0219]  The dispersion compensation controlling apparatus 39 comprises, similarly to the dispersion compensation
controlling apparatus 1 according to the first embodiment, a photo receiver 28, a band-pass filter (fe BPF) 29, an inten-
sity detector 30, a polarization-mode dispersion quantity detecting unit 36 and a parameter setting circuit 37. The dis-
persion compensation controlling apparatus 39 further comprises a compensation quantity optimization controlling unit
31 in order to automatically perform a feedback control when polarization-mode dispersion is compensated, a switch
38A switching an output of an intensity detector 30A between before and during system operation, and a switch 38A’
operating in association with the switch 38A.

[0220] In this embodiment, a term “dispersion” is used to mean "polarization-mode dispersion”, as well, the dispersion
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compensation controlling apparatus 39 thus represents "polarization-mode dispersion compensation controlling appa-
ratus 39".

[0221])  Here, the photo receiver 28, the band-pass filter 29 and the intensity detector 30 are similar to the photo
receiver 11, the band-pass filter 12 and the intensity detector 13, respectively, according to the first embodiment, further
descriptions of which are thus omitted. The polarization-mode dispersion quantity detecting unit 36 and the parameter
setting circuit 37 are similar to the polarization-mode dispersion quantity detecting unit 14 and the parameter setting cir-
cuit 15, respectively, which function as a polarization-mode dispersion controlling unit 80d. Since a frequency provided
for intensity detection is one system, here is employed the detection form 1.

[0222] The switch 38A drives the polarization-mode dispersion quantity detecting unit 36 before operation of the opti-
cal transmission system 40 in order to determine the optimum value of parameter information showing a polarization-
mode dispersion compensation quantity, while driving the compensation quantity optimization controlling unit 31 during
the operation in order to prevent fluctuation in the optimum value of the parameter information, which switches an output
from the intensity detector 30. Here, "before system operation™ means a time when the optical transmission system 40
is actuated or when the optical transmission system 40 is re-actuated if the polarization-mode dispersion compensation
control largely deviates from the optimum point, for example. The change-over control is performed by the switch
changing-over unit 38. The switch 38A’ inputs an output of the polarization-mode dispersion detecting unit 36 or a
phase comparing circuit 33 to the parameter setting circuit 37, in association with the switch 38A.

[0223] Incidentally, a switching controlling method to "optimize a compensation quantity in order to prevent fluctua-
tions in the optimum value of parameter information during operation™ will be described later.

[0224] The compensation quantity optimization controlling unit 31 superimposes a predetermined low frequency sig-
nal set in advance on a parameter setting control signal outputted from the parameter setting circuit 37, and controls a
parameter setting in the parameter setting circuit 37 such that the above low frequency signal included in the intensity
of the above first specific frequency component from the intensity detector 30 beocmes zero, thereby optimizing a com-
pensation quantity of polarization-mode dispersion of the above transmission optical signal. The compensation quantity
optimization controlling unit 31 comprises a band-pass filter (f, BPF) 32, a phase comparing circuit 33, a low frequency
oscillator 34 and a low frequency superimposing circuit 35.

[0225) The band-pass filter 32 extracts a low frequency signal component [f, (Hz) component] included in the intensity
of the first specific frequency component [fe (Hz) component] detected by the intensity detector 30. The phase compar-
ing circuit 33 compares the low frequency signal component extracted by the band-pass filter 32 with the low frequency
signal from the low frequency generator 34 to detect a difference in phase, and controls the parameter setting in the
parameter setting circuit 37 such that the low frequency signal component extracted by the band-pass filter 32 becomes
zero.

[0226] The low frequency superimposing circuit 35 superimposes a predetermined low frequency signal (f, signal)
set in advance inputted from the low frequency oscillator 34 on the parameter setting control signal outputted from the
parameter setting circuit 37 to give a minute modulation thereto, and sends out the modulated parameter setting control
signal to the polarization-mode dispersion compensator 24.

[0227] The compensation quantity optimization controlling unit 31 drives the polarization-mode dispersion quantity
detecting unit 36 to determine the optimum value of parameter information showing a polarization-mode dispersion
quantity before system operation, while performing a control to keep at all times a delay quantity At of the optical trans-
mission line 3 at the optimum value during system operation.

[0228] A controlling method during system operation is as follows. Namely, the compensation quantity optimization
controlling unit 31 minutely modulates a delay quartity At be given by the polarization-mode dispersion compensator
24 with a low frequency fg in order to automatically fix the intensity of the first specific frequency component in a base-
band spectrum of a transmission optical signal inputted to the receiving side over the optical transmission line 23 to the
maximum value, so as to perform a tracking control in order to keep the delay quantity At at the optimum value at all
times against a change with time of the optical transmission line 23. As an example of the tracking control, in the feed-
back control at the time of compensation of polarization-mode dispersion, the delay quantity At is minutely varied (dith-
ered) in the vicinity of the maximum point At to detect a new maximum point, thereby automatically determining it.
Herae, a principle of the feedback control by the compensation quantity optimization controlling unit 31 will be described
with reference to FIGS. 25(a) through (c) and FIGS. 26 (a) through (g).

[0229] FIG. 25(a) shows a relationship between the delay quantity At (transverse axis) and the fe (Hz) component
intensity (vertical axis) after polarization-mode dispersion compensation, which schematically illustrates a situation
[FIG. 25(c)] of changes in the fe (Hz) component intensity when three kinds of low frequency signals (for example, sig-
nals of about 1 kHz) A, B and C shown in FIG. 25(b) are added to the delay quantity At (fransverse axis). A signal wave-
form B shown in FIG. 25(b) is a waveform changing with time at a frequency fg (Hz) in the case where the parameter
information is the maximum value. in this case where the delay quantity At atter polarization-mode dispersion compen-
sation is at the maximum value and the fe (Hz) component intensity is the maximum, the fe (Hz) component intensity
changes with time at a frequency 2xt, as shown in FIG. 25(c), and contains no component of the frequency fg.
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[0230] To the contrary, when the parameter information deviates from the optimum value, that is, when the delay quan-
tity At deviates from the optimum value as A or C deviates from a state of B shown in FIG. 25(b), the frequency fg (Hz)
appears in a change with time of the fe (Hz) component frequency as shown in FIG. 25(c), moreover, codes of the com-
ponents of A and C are opposite (the phase is inverted).

[0231]) Back to FIG. 24, the band-pass filter 32 detects a frequency fo (Hz) component from the fe (Hz) component
intensity, and the parameter setting circuit 37 sets a delay quantity At to be given by the polarization-mode dispersion
compensator 24 in such a direction that the frequency component f, is cancelled. Accordingly, it is possible by such
feedback to optimize a compensation quantity of polarization-mode dispersion of the transmission optical signal. Inci-
dentally, a direction of the change can be determined from a phase of the component of the frequency fy (Hz) detected
by the phase comparing circuit 33.

[0232] Whereby, the optical signal at a transmission rate B (b/s) transmitted from the optical transmitter 22 is trans-
mitted to the optical receiver 27 over the optical transmission line 23 in the optical transmission system 40.

[0233] In this occasion, in the optical transmission system 40, the optical spiitting unit 25 takes out a part of the optical
signal transmitted over the optical transmission line 23, and the optical signal taken out (monitor light) is sent to the dis-
persion compensation controlling apparatus 39 in order to compensate polarization-mode dispersion generated in a
transmitted optical signal.

[0234] In the dispersion compensation controlling apparatus 39, a state of polarization-mode dispersion generated in
an optical signal transmitted over the optical transmission line 23 is monitored on the basis of the optical signal taken
out by the optical splitting unit 25, and the polarization-mode dispersion compensator 24 is controlled according to a
result of the monitoring. First, before operation of the optical transmission system 40, the switch changing-over unit 38
changes over the switch 38A and the switch 38A' in order to drive the polarization-mode dispersion quantity detecting
unit 36 (contact points as shown in FIG. 24).

[0235) The optical signat taken out by the optical splitting unit 25 is then received by the photo receiver 28, converted
into an electric signal (O/E-converted), and inputted to the band-pass filter 29. In the band-pass filter 29, as having been
described in the first embodiment, the first specific frequency component [fe (Hz) component] in a baseband spectrum
of a transmission optical signal appropriately set according to a transmission rate or a signal waveform of the optical
signal is detected (specific frequency component detecting step).

[0236] Following that, an intensity of the first specific frequency component detected by the band-pass filter 29 is
detected by the intensity detector 30 (intensity detecting step). Further, by the polarization-mode dispersion quantity
detecting unit 36, a polarization-mode dispersion quantity of the above transmission optical signal is detected from the
intensity of the first specific frequency component detected by the intensity detector 30 by performing a predetermined
first functional operation [that is, a functional operation using the above formulae (2) and (3)] (dispersion quantity detect-
ing step).

[0237] In order to compensate polarization-mode dispersion of the transmission optical signal, a parameter setting
control signal for setting such parameter information (delay quantity At ) as to cancel the polarization-mode dispersion
quantity detected by the polarization-mode dispersion quantity detecting unit 36 is outputted from the parameter setting
circuit 37 to the polarization-mode dispersion compensator 24 disposed in the optical receiver 25 through the low fre-
quency superimposing circuit 35 of the compensation quantity optimization controlling unit 31. Incidentally, the low fre-
quency superimposing circuit 35 superimposes a low frequency signal (fo signal) from the low frequency oscillator 34
on the parameter setting control signal from the parameter setting circuit 37, and outputs it.

[0238] When the polarization-mode dispersion compensator 24 receives the parameter setting control signal, param-
eter information is set on the basis of the control signal so as to compensate polarization-mode dispersion generated
in the optical signal transmitted over the optical transmission line 23. Following that, during operation of the optical
transmission system 40, the switch changing-over unit 38 changes over the switch 38A and the switch 38A" (contact
positions opposite to those shown in FIG. 24) in order to drive the compensation quantity optimization controlling unit
31.

[0239) The optical signal taken out by the optical splitting unit 25 is inputted to the compensation quantity optimization
controliing unit 31 via the photo receiver 28, the band-pass filter 29 and the intensity detector 30 in a similar manner
described above. The compensation quantity optimization controlling unit 31 controls a parameter setting in the param-
eter setting circuit 37 such that a low frequency signal component included in the intensity of the first specific frequency
component from the intensity detector 30 becomes zero, thereby optimizing a compensation quantity of polarization-
mode dispersion of the above transmission optical signal.

[0240] With the above structure, compensation is performed. An operation in the dispersion compensation controlling
apparatus 39 at this time will be further described with reference to FGIS. 26(a) through 26 (g). Here, signal waveforms
shown in FIGS. 26(a) through 26(g) correspond to signal waveforms in portions denoted by reference characters (a)
through () in the dispersion compensation controlling apparatus 39 shown in FIG. 24. The waveforms shown in FIGS.
26(a) through 26(g) show a case where the delay quantity At deviates from the maximum point of the fe (Hz) component
intensity toward the negative side (namely, in the case of A in FIG. 25).
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[0241] First, a part of the transmission optical signal is split by the optical splitting unit 25 disposed in the rear stage
of the polarization-mode dispersion compensator 24, received by the photo receiver 28, and the fe (Hz) component is
extracted by the band-pass filter 29. A signal waveform denoted by (c) at an output of the band-pass filter 29 shown in
FIG. 24 has, as shown in FIG. 26(c), an envelope in which the fe (Hz) component varies at a low frequency f, (Hz). This
signal is converted into an intensity modulated signal at the low frequency fq by the intensity detector 30, and inputted
to the compensation quantity optimization controlling unit 31.

[0242] A component of the low frequency fy is extracted by the band-pass filter 32 in the compensation quantity opti-
mization controlling unit 31, and a waveform as shown in FIG. 26(e) is obtained. Further, a phase of the component is
compared with a phase of the f; (Hz) intensity component from the low frequency oscillator 34 by the phase comparing
circuit 33, and a signal according to a phase difference as shown in FIG. 26 (g) is obtained. in this case, in the case of
A shown in FIG. 25, a signal intensity shown in FIG. 26(g) increases proportionally as the delay quantity At at the
receiving terminal (optical receiving unit 26) increases.

[0243] In contrast, when the delay quantity At deviates from the maximum point of the fe (Hz) component intensity
toward the positive side (namely, in the case of C in FIG. 25), the fe (Hz) component intensity decreases as the delay
quantity At increases, so that a phase of an envelope varying at the low frequency f; (Hz) shown in FIG. 26(c) is shifted
by a half cycle (1/2 fp). With this, a signal waveforms shown in FIGS. 26(d) and 26(e) are shifted with time by a half
cycle, thus a code of a signal [refer to FIG. 26 (g)] obtained as a result of the phase comparing is inverted.

[0244] Accordingly, the parameter setting circuit 37 detects a code of a signal obtained as a resutt of the phase com-
paring by the phase comparing circuit 33 to determine whether the delay quantity At is shifted to the positive or negative
direction, so that a parameter setting control signal for changing the delay quantity At in such a direction as to cancel
the {5 (Hz) intensity modulated component in the Fe (Hz) component is generated, and outputted.

[0245] When receiving the parameter setting control signal, the polarization-mode dispersion compensator 24 sets
parameter information on the basis of the control signal so as to compensate polarization-mode dispersion generated
in an optical signal transmitted over the optical transmission line 23.

[0246] As above, the dispersion compensation controlling apparatus 39 according to the fifth modification of the first
embodiment detects an intensity of the first specific frequency component in a baseband spectrum in a transmission
optical signal, and detects a polarization-mode dispersion quantity in the transmission optical signal from the detected
intensity of the first specific frequency component by performing a predetermined first functional operation, so that
polarization-mode dispersion generated in the transmission optical signal is easily detected.

[0247) As above, the polarization-mode dispersion quantity is detected, and parameter information for compensating
polarization-mode dispersion generated in the transmission optical signal is set on the basis of the detected polariza-
tion-mode dispersion quantity, whereby polarization-mode dispersion is compensated and deterioration of a transmis-
sion waveform of an optical signal is thus prevented, which contributes to a long-distance transmission of a high-speed
optical signal. In addition, it is advantageous that, during system operation, the delay quantity At is at all times kept at
the optimum value against a change with time of the optical transmission path 23.

[0248] Further, it is possible to optimize a compensation quantity of polarization-mode dispersion of a transmission
optical signal by the compensation quantity optimization controliing unit 31, and automatically perform a feedback con-
trol when the polarization-mode dispersion is compensated.

(B6) Description of a Sixth Modification of the First Embodiment

[0249] FIG. 27 is a block diagram showing a structure of an optical transmission systern to which a dispersion com-
pensation controlling apparatus according to a sixth modification of the first embodiment is applied, in which an object
of a control is changeable between before system operation and after start of system operation. A method of controlling
a polarization-mode dispersion quantity uses the detection form 1 and the control mode 1.

[0250] The optical transmission system 40A shown in FIG. 27 is as well an optical communication system with a trans-
mission rate B (b/s) (for example, 40 Gb/s, 10 Gb/s or the like) adopting time division multiplexing. The optical transmis-
sion system 40A differs from the optical transmission system 40 according to the fifth modification of the first
embodiment in that a polarization-mode dispersion compensator 24 is disposed in an opfical transmitter 22A, other
parts of which are similar to those of the optica! transmission system 40 according to the fifth modification of the first
embodiment.

{0251] Namely, in the optical transmission system 40A, an optical transmitter 22A as a transmitting terminal apparatus
transmitting a transmission optical signal and an optical receiver 27A as a receiving terminal apparatus receiving the
transmission optical signal are connected over an optical transmission line (transmission fiber) 23, and a dispersion
compensation controlling apparatus 39 is disposed in the optical transmitter 22A. incidentally, it is alternatively possible
to dispose the dispersion compensation controlling apparatus 39 on the receiving side, and send back a resutt of a
polarization state of an optical signal detected in the optical receiver 27A to the optical transmitter 22A (not shown). As
a method of sending-back in such case, a method of preparing another line with a low speed, or a method of multiplex-
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ing information on a transmission optical signal in the opposite direction, for example, is employable. In this modifica-
tion, a term “dispersion” is used to mean "polarization-mode dispersion”, the dispersion compensation controlling
apparatus 39 thus represents "polarization-mode dispersion controlling apparatus 39".

[0252] Here, the optical transmitter 22A comprises a signal light source 41 and an optical modulator 42 along with a
polarization-mode dispersion compensator 24 in order to compensate polarization-mode dispersion generated in an
optical signal to be transmitted. As this, when the polarization-mode dispersion compensator 24 is disposed on the
transmitting side, it is possible to set the optical splitting ratio y.

[0253) Light for reference is taken out at an optical splitting unit 25 between the optical transmission line 23 and the
optical receiver 27A, and inputted to the dispersion compensation controlling apparatus 39. In the dispersion compen-
sation controlling apparatus 39, a parameter setting circuit 37 outputs a parameter setting control signal for setting the
above parameter information to the polarization-mode dispersion compensator 24 disposed in the transmitting terminal
apparatus transmitting a transmission optical signal via a low frequency superimposing circuit 35, and a detection signal
(output signal from a phase comparing circuit 33) obtained by comparing phases on the receiving side (on the side of
the optical receiver 27A) of the optical signal is sent back to the side of the optical transmitter 22A. As this method of
sending-back, a method of preparing another line with a low speed, or a method of multiplexing information on a trans-
mission optical signal in the opposite direction is employable. A compensation quantity optimization controlling unit 31
superimposes a predetermined low frequency signal set in advance on a parameter setting controf signal outputted
from the parameter setting circuit 37, and controls a parameter setting in the parameter setting circuit 37 such that the
above low frequency signal component included in the intensity of the above first specific frequency component from
an intensity detector (first intensity detecting unit) 30 becomes zero, thereby optimizing a compensation quantity of
polarization-mode dispersion of the above transmission optical signal, as waell.

[0254] Switches 38A and 38A' in the dispersion compensation controlling apparatus 39 are switches driving a polar-
ization-mode dispersion quantity detecting unit 36 in order to determine the optimum value of parameter information
showing a polarization-mode dispersion compensation quantity before operation of the optical transmission system
40A, and, after start of the operation, operating in association to drive the compensation quantity optimization control-
ling unit 31 in order to prevent fluctuations in the optimum value of the parameter information. This switching contro! is
performed by a switch changing-over unit 38 outside the dispersion compensation controlling apparatus 39.

[0255] Incidentally, the other parts denoted by the same reference characters have the same functions as those of
the optical transmission system 10 according to the first embodiment, further descriptions of which are thus omitted.
[0256] With the above structure, the optical transmission system 40A operates almost in the similar manner to the
optical transmission system 40 to which the dispersion compensation controlling apparatus 39 according to the fifth
modification of the first embodiment described above is applied.

[0257) Even when the polarization-mode dispersion compensator 24 is disposed in the transmitting terminal appara-
tus, the compensation quantity optimization controlling unit 31 minutely modulates the delay difference At between two
polarization components or the intensity splitting ratio y with a low frequency, thereby optimizing a compensation quan-
tity of polarization-mode dispersion of a transmission optical signal.

[0258] As above, according to the dispersion compensation controlling apparatus 39 according to the sixth modifica-
tion of the first embodiment, it is possible to attain the same advantages as the fifth modification of the first embodiment
described above. In addition, it is possible to control a polarization direction such that the optical intensity splitting ratio
vis in the best state according to a state of the optical transmission line 23 by controlling the polarization-mode disper-
sion compensator 24 disposed in the optical transmitter 22A, so that polarization-mode dispersion generated in the
transmission optical signal is more effectively compensated. ltis also possible to keep at all times the delay quantity At
at the optimum value against a change with time of the optical transmission line 23 during system operation.

(B7) Description of a Seventh Modification of the First Embodiment

[0259] FIG. 28 is a block diagram showing a structure of an ofpical transmission system to which a dispersion com-
pensation controlling apparatus according to a seventh modification of the first embodiment is applied, in which an
object of a control is changeable between before system operation and after start of system operation. A method of con-
trolling a polarization-mode dispersion quantity adopts the detection form 1 and the control-mode 1, as well.

[0260] The optical transmission system 408 shown in FIG. 28 is as well an optical communication system with a trans-
mission rate B (b/s) (for example, 40 Gb/s, 10 Gb/s or the like) adopting time division multiplexing. The optica! transmis-
sion system 40B differs from the optical transmission system 40A according to the sixth modification of the first
embodiment in that a At compensator 24-A1 and a Y compensator 24-A2 configuring a polarization-mode dispersion
compensator 24A disposed in an optical transimtter 22B are independently controlled, the other parts of which are
almost similar to those of the optical transmission system 40A according to the sixth modification of the first embodi-
ment. :

[0261] Namely, in the optical transmission system 408, the optical transmitter 22B as a transmitting terminal appara-
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tus transmitting a transmission optical signal and an optical receiver 27A as a receiving terminal apparatus receiving
the transmission optical signal are connected over an optical transmission line (transmission fiber) 23, and a dispersion
compensation controlling apparatus 39A and a switch changing-over unit 38 are disposed on the side of the optical
transmitter 22B. Incidentally, it is possible to dispose the dispersion compensation controlling apparatus 39A and the
switch changing-over unit 38 on the receiving side, and send back a result of a polarization state of an optical signal
detected in the optical receiver 27A to the optical transmitter 228 (not shown). As a method of sending-back in such
case, a method of preparing another line with a low speed, or a method of multiplexing information on a transmission
optical signal in the opposite direction, for example, is employable. In this modification, a term "dispersion” is used to
mean "polarization-mode dispersion”, the dispersion compensation controlling apparatus 39A thus represents "polari-
2ation-mode dispersion compensation controlling apparatus 39A".

[0262] The optical transmitter 228 comprises a signal light source 41 and an optical modulator 42 along with the
polarization-mode dispersion compensator 24A in order to compensate polarization-mode dispersion generated in an
optical signal to be transmitted. The polarization-mode dispersion compensator 24A can set not only At but also y
therein, comprises the At compensator and the y compensator, and can independently control them.

[0263] Light for reference is taken out by an optical splitting unit 25 between the optical transmission line 23 and the
optical receiver 27A and inputted to the dispersion compensation controlling apparatus 39A, and a control signal is out-
putted to the At compensator 24A-1 and the y compensator 24A-2 in the above polarization-mode dispersion compen-
sator 24A.

[0264] The dispersion compensation controlling apparatus 39A comprises a photo receiver 28, a band-pass filter (fe
BPF) 29, an intensity detector 30, a switch 38A, a polarization-mode dispersion quantity detecting unit 36 along with a
compensation quantity optimization controlling unit 31A and a parameter setting circuit 37. Further, the polarization-
mode dispersion quantity detecting unit 36 and the parameter setting circuit 37 function as a polarization-mode disper-
sion controlling unit 30d. The photo receiver 28, the band-pass filter 29, the intensity detector 30, the switch 38A and
the polarization-mode dispersion quantity detecting unit 36 have similar or the same functions as those described
above, further descriptions of which are thus omitted.

[0265] The compensation quantity optimization controlling unit 31A comprises a band-pass filter (f, BPF) 32A. a
band-pass filter (i, BPF) 32B, phase comparing circuits 33A and 33B. low frequency oscillators 34A and 34B, and low
frequency superimposing circuits 35A and 358, in order to independently control the At compensator 24A-1 and the Y
compensator 24A-2. Namely, the dispersion compensation controlling apparatus 39A minutely modulates parameter
setting control signals to the compensators 24A-1 and 24A-2 with different frequencies {; and f,, respectively. Inciden-
tally, these have similar or the same functions and structures as those described above.

[0266] In other words, the compensation quantity optimization controlling unit 31A superimposes two low frequency
signals (f, and f, signals) having different low frequency components as the above predetermined low frequency sig-
nals on the above parameter setting control signals, controls a setting of the splitting ratio y of an optical intensity to two
polarization modes in the parameter setting circuit 37 such that either one of the above low frequency signal compo-
nents [fy (Hz), f (Hz) signal components] included in the intensity of the above first specific frequency component from
the intensity detector 30 becomes zero, while controlling a setting of the delay quantity At between the above two polar-
ization modes in the parameter setting circuit 37 such that the other one of the above two low frequency signal compo-
nents included in the intensity of the above first specific frequency component from the intensity detector 30 becomes
zero.

[0267] In FIG. 28, the parameter setting circuit 37 outputs parameter setting control signals for setting the above
parameter information to the polarization-mode dispersion compensator 24A disposed in the optical transmitter 228
transmitting a transmission optical signal via the low frequency superimposing circuits 35A and 358, which comgprises
a At setting circuit 37A setting At and a y setting circuit 37B setting y. From the parameter setting circuit 37, detection
signals (output signals from the phase comparing circuit 33A and the phase comparing circuit 33B) obtained by com-
paring phases on the receiving side (on the side of the optical receiver 27A) of an optical signal is sent back to the side
of the optical transmitter 22A. Incidentally, the low frequency superimposing circuits 35A and 35B superimpose low fre-
quency sginals (f, and f, signals) from the low frequency oscillators 34A and 34B on the parameter setting control sig-
nals from the setting circuits 37A and 37B, respectively, of the parameter setting circuit 37.

[0268] With the above structure, the optical transmission system 40B operates almost in the smilar manner to the opti-
cal transmission system 40A to which the dispersion compensation controlling apparatus 39 according to the fifth mod-
ification of the first embodiment described above is applied.

[0269] Namely, in the dispersion compensation controlling apparatus 39A, an optical signal taken out by the optical
splitting unit 25 is inputted to the polarization-mode dispersion quantity detecting unit 36 via the photo receiver 28, the
band-pass fitter 29 and the intensity detector 30 similarly to the case described above, before operation of the optical
transmission system 408, .

[0270] A polarization-mode dispersion quantity of a transmission ogptical signal is detected by the polarization-mode
dispersion quantity detecting unit 36, and parameter setting control signals based on a result of the detection are out-
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putted from the setting circuits 37A and 37B of the parameter setting circuit 37 to the compensators 24A-1 and 24A-2
of the polarization-mode dispersion compensator 24A disposed in the optical transimtter 228 via the low frequency
superimposing circuits 35A and 35B of the compensation quantity optimization controlling unit 31A.

[0271] When receiving the parameter setting control signals, the polarization-mode dispersion compensator 24A sets
parameter information on the basis of the control signals so as to compensate polarization-mode dispersion generated
in an opfical signal to be transmitted over the optical transmission line 23.

[0272] On the other hand, during operation of the optical transmission system 408, in the dispersion compensation
controlling apparatus 39A, an optical signal taken by the optical splitting unit 25 is inputted to the compensation quantity
optimization controlling unit 31A via the photo receiver 28, the band-pass filter 29 and the intensity detector 30, similarly
to the case described above.

[0273] The compensation quantity optimization controlling unit 31A controls parameter settings in the setting circuits
37A and 378 of the parameter setting circuit 37 such that low frequency signal components included in the intensity of
the first specific frequency component from the intensity detector 30 become zero, thereby optimizing a compensation
quantity of polarization-mode dispersion of the above transmission optical signal.

[0274] Namely, an fe (Hz) component intensity signal from the intensity detector 30 is split, components of the low
frequencies fy and f, (Hz) are extracted by the band-pass filters 32A and 32B with different frequencies f; and f,,
respectively, and phases of these low frequency components and the f; and f, (Hz) components from the low frequency
oscillators 34A and 34B are compared by the phase comparing circuits 33A and 338, respectively. The setting circuits
37A and 37B of the parameter setting circuit 37 detect codes of signals obtained from resuits of comparing by the phase
comparing circuits 33A and 33B as described above, thereby determining whether the delay quantity At or the optical
intensity splitting ratio y is shifted to either a positive or negative direction, generate parameter setting control signals
for changing the delay quantity At or the optical intensity splitting ratio yin such a direction that the f, and fo (H2) inten-
sity modulated components in the fe (Hz) component are cancelled, and output the same.

[0275] When receiving the parameter setting control signals, the compensators 24A-1 and 24A-2 of the polarization-
mode dispersion compensator 24A set parameter information on the basis of the control signals so that polarization-
mode dispersion generated in an optical signal to be transmitted over the optical fransmission line 23 is compensated.
[0276] As above, according to the dispersion compensation controlling apparatus 39A according to the seventh mod-
ification of the first embodiment of this invention, it is possible to attain the same advantages as the sixth modification
of the first embodiment described above. In addition, it is advantageously possible to independently control the com-
pensators 24A-1 and 24A-2 of the polarization-mode dispersion compensator 24A disposed in the optical transmitter
228, thereby appropriately controlling both the delay quantity At and the optical intensity splitting ratio y.

(B8) Description of an Eighth Modification of the First Embodiment

[0277] As an optical system independently controlling the compensators 24A-1 and 24A-2 of the polarization-mode
dispersion compensator 24A disposed in the optical transmitter 22B, one shown in FIG. 29 is also possible.

[0278] FIG. 29 is a block diagram showing a structure of an optical transmission system to which a dispersion com-
pensation controlling apparatus according to an eighth modification of the first embodiment of this invention is applied,
in which an object of control is changeable between before system operation and after system operation. A method of
controlling a polarization-mode dispersion quantity uses the detection form 1 and the control mode 1, as well.

[0279] The optica! transmission system 40C is as well an optical communication system with a transmission rate B
(bfs) (for example, 40 Gb/s, 10 Gb/s or the like) adopting time division multiplexing. Namely, in the optical transmission
system 40C, an optical transmitter 22B as a transmitting terminal transmitting a transmission optical signal and an opti-
cal receiver 27A as a receiving terminal apparatus receiving the fransmission optical signal are connected over an opti-
cal transmission line (transmission fiber) 23, and a dispersion compensation controlling apparatus 398, a switch
changing-over unit 38 and switches 38D and 38E are disposed on the optical transmitting side. Light for reference is
taken out by an optical splitting unit 25 between the optical transmission line 23 and the optical receiver 27A and input-
ted to the dispersion compensation controlling apparatus 398B, and control signals are outputted to a At compensator
24A-1 and a y compensator 24A-2 in a polarization-mode dispersion compensator 24A via switches 38D and 38E. Inci-
dentally, it is alternatively possible to dispose the dispersion compensation controlling apparatus 398 and the switch
changing-over unit 38 on the receiving side, and send back a result of a polarization state of an optical signal detected
in the optical receiver 27A to the optical transmitter 22B (now shown). As a method of sending-back in such case, a
method of preparing another line with a low speed, or a method of multiplexing information on a transmission optical
signal in the opposite direction is employable. According to this modfication, a term “dispersion” is used to mean "polar-
ization-mode dispersion”, the dispersion compensation controlling apparatus 39 thus represents “polarization-mode
dispersion controlling apparatus 398",

[0280] The dispersion compensation controlling apparatus 398 comprises a photo receiver 28, a band-pass filter (fe
BPF) 29, an intensity detector 30, a switch 38A, a polarization-mode dispersion quantity detecting unit 36 along with a
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compensation quantity optimization controlling unit 318 and a parameter setting circuit 37. Further, the polarization-
mode dispersion quantity detecting unit 36 and the parameter setting circuit 37 function as a polarization-mode disper-
sion controlling unit 90d. incidentally, the photo receiver 28, the band-pass filter (fe BPF) 29, an intensity detector 30,
the switch 38A and the polarization-mode dispersion quantity detecting unit 36 have similar or the same functions as
those described above, further descriptions of which are thus omitted.

[0281] The compensation quantity optimization controlling unit 31B comprises, as shown in FIG. 29, a band-pass filter
(fo BPF) 32, a phase comparing circuit 33, a low frequency oscillator 34, low frequency superimposing circuits 35A and
35B, a At holding circuit 43, a y holding circuit 44 and switches 388 and 38C (on the output's side of the phase compar-
ing circuit 33).

[0282] The switches 388 and 38C change over a setting control on the optical intensity splitting ratio y and a setting
control on the delay quantity At according to a time, which are changed-over to a switch terminal "A" or a switch terminal
"B" in association with each other according to a control signal outputted from the switch changing-over unit 38. Namely,
when the control signal from the switch changing-over unit 38 is for the switch terminal A", an output of the phase com-
paring circuit 33 is inputted to a y setting circuit 37B and an output of the low frequency oscillator 34 is inputted to the
low frequency superimposing circuit 35B, whereby a value of yis controlled. To the contrary, when the control signal
from the switching changing-over unit 38 is for the switch terminal "B", an output of the phase comparing circuit 33 is
inputted to a At setting circuit 37A, and an output of the low frequency oscillator 34 is inputted to the low frequency
superimposing circuit 35A, whereby a value of At is controlled. The parameter setting circuit 37 comprises the At set-
ting circuit 37A setting At and the y setting circuit 378 setting v. B

[0283] The At holding circuit 43 holds a value of the delay quantity At before switching-over, and outputs the value of
the delay quantity Ax when a setting control on the optical intensity splitting ratio y is performed. The y holding circuit 44
holds a value of the optical intensity splitting ratio vy before switching-over, and outputs a value of the optical intensity
splitting ratio y when a setting control on the delay quantity At is performed.

[0284] The switch 38D is inputted a control signal thereto from the switch changing-over unit 38 to select either an
output of the At holding circuit 43 or an output of the low frequency superimposing circuit 35A and is changed-over to
the selected one, and inputs it to the AT compensator 24A-1. Similarly, the switch 38E is inputted thereto a control signal
from the switch changing-over unit 38 to select either an output of the y holding circuit 44 or an output of the low fre-
quency superimposing circuit 35B and is changed-over to the selected one, and inputs it to the y compensator 24A-2.
{0285] The parts denoted by the same reference characters have similar functions and structures to those in the other
modifications described above.

[0286] A controlling method according to this modification is as follows. Namely, in the control mode 1, an appropriate
compensation quantity is determined from a value obtained by detection, and adjustment of the compensators 24A-1
and 24A-2 of the polarization-mode dispersion compensator 24A is changed-over according to a time and performed
alternately.

[0287] Namely, during a predetermined time, a minute modulation is performed on the delay difference At with a low
frequency, whereas during another predetermined time, a minute modulation is performed on the intensity splitting ratio
y with a low frequency, that is, two modulations are performed alternately. In concrete, the switch changing-over unit 38
shown in FIG. 29 intertocks the plural switches 38B and 38C to change-over them between the switch terminal "A" and
the switch terminal "B" at predetermined time intervals. At this time, control points of the compensators 24A-1 and 24A-
2 not controlled are held at positions before changed-over by the At holding circuit 43 or the y holding circuit 44. A rea-
son why the controls are alternately performed with respect to time is that even if the polarization-mode dispersion com-
pensator 24A operates in order to compensate polarization-mode dispersion, it takes a time from about several minutes
to a several hours until a change in polarization-mode dispersion state of the optical transmission path 23 actually
appears.

[0288) Namely, the compensation quantity optimization controlling unit 31B of the dispersion compensation control-
ling apparatus 398 according to the eighth modification switches and alternately performs with respect to time the set-
ting control on the splitting ratio yto two polarization modes and the setting control on the delay quantity At between the
two plarization modes.

[0289] Whereby, controlls on the compensators 24A-1 and 24A-2 are performed independently.

[0280] With the above structure, the optical transmission system 40C operates in almost the similar manner to the
optical transmission system 40 to which the dispersion compensation controlling apparatus 39 according to the first
embodiment described above.

[0291] Namely, before system operation, the switch changing-over unit 38 switches an output signal of the intensity
detector 30 to the polarization-mode dispersion quantity detecting unit 36 to determine the optimum value of the param-
eter information showing a polarization-mode dispersion compensation quantity.

[0292] On the other hand, during system operation, the switch changing-over unit 38 switches an output signal of the
intensity detector 30 to the band-pass filter 32 to drive the compensation quantity optimization controlling unit 318 in
order to prevent fluctuations in the optimum value of the parameter information.
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[0293] The switch changing-over unit 38 switches the plural switches 388 and 38C at predetermined time intervals,
and in the compensators 24A-1 and 24A-2 of the polarization-mode dispersion compensator 24a disposed in the optical
transmitter 22B, minute modulations are alternately performed with respect to time on the delay difference Atto and the
intensity splitting ratio y of the two polarization components with a low frequency.

(0294]  As above, according to the dispersion compensation controlling apparatus 398 of the eighth modification of
the first embodiment of this invention, it is possible to attain the similar advantages to the case of the sixth modification
of the first embodiment described above. In addition, it is advantageously possible to decrease a load of the controls as
compared with a case of simultaneous controls by switching with respect to time the controls on the compensators 24A-
1 and 24A-2 of the polarization-mode dispersion compensator 24A disposed in the optical transmitter 22B.

(B9) Description of a Ninth Modification of the First Embodiment

[0295] FIG. 30 is a block diagram showing a structure of an optical transmission system according to a ninth modifi-
cation of the first embodiment of this invention. As a method of controlling a polarization-mode dispersion, here are
used the detection form 1 and the control mode 1.

[0296] The optical transmission system 50 shown in FIG. 30 is as well an optical communication system with a trans-
mission rate B (b/s) (for example, 40 Gb/s, 10 Gb/s or the like) adopting time division muttiplexing. In the optical trans-
mission system 50, an optical transmitier 52 as a transmitting terminal apparatus transmitting a transmission optical
signal and an optical receiver 57 as a receiving terminal apparatus receiving the transmission optical signal are con-
nected over an optical transmission line (transmission fiber) 53, and signal light is split by an optical splitting unit 55 on
the receiving side, one of which is inputted to the optical receiver 57 while the other of which is inputted to a dispersion
quantity detecting apparatus 51. The dispersion quantity detecting apparatus 51 will be described later. Incidentally, in
this modification, a term "dispersion quantity detection” is used to mean "polarization-mode dispersion detection” as
well, the dispersion quantity detecting apparatus 51 thus represents "polarization-mode dispersion quantity detecting
apparatus 51°.

[0297] In the optical transmission system 50, a signal light source 62 and an optical modulator 63 are disposed in the
optical transmitter 52, along with a polarization-mode dispersion compensator 54 for artificially giving polarization-mode
dispersion to an optical signal to be transmitted. Since the polarization-mode dispersion compensator 54 is on the
transmitting side, it is possible to set the optical intensity splitting ratio y.

(0298] A sweep controlling unit 56 is disposed on the optical transmitting side. The sweep controlling unit 56 largely
sweeps and controls parameters showing the above polarization-mode dispersion quantity to be artificially given by the . .
polarization-mode dispersion compensator 54 in order to obtain the optimum value of parameter information showing a
polarization-mode dispersion quantity, before operation of the optical fransmission system (namely, when the optical
transmission system 50 is actuated, or when the optical transmission system 50 is reactuated if the polarization-mode
dispersion compensating control largely deviates from the optimum point). Namely, there is provided the sweep control-
ling unit 56 largely sweeping and controlling parameters showing the above polarization-mode dispersion quantity to be
given by the polarization-mode dispersion compensator 54 when the system is actuated or when the systemis re-actu-
ated.

[0299] In the optical transmission system 50, a dispersion quantity detecting apparatus 51 is disposed in the optical
receiver 57. The dispersion quantity detecting apparatus 51 monitors a state of polarization-mode dispersion generated
in an optical signal transmitted over the optical transmission line 53 on the basis of an optical signal taken out by the
optical splitting unit 55, which comprises, as shown in FIG. 30, a photo receiver 58, a band-pass filter (fe BPF) 59, an
intensity detector 60 and a polarization-mode dispersion quantity detecting unit 61. Incidentally, these parts have similar
functions and structures to those of the first embodiment described above.

[0300] In the optical transmission system 50, an optical signal at a transmission rate B (b/s) transmitted from the opti-
cal transmitter 52 is transmitted to the optical receiver 57 over the optical transmission line 53. At this time, in the optical
transmitter 52, polarization-mode dispersion is artificially given to the optical signal by the polarization-mode dispersion
compensator 54 under a control of the sweep controlling unit 56.

[0301] Following that, a part of the optical signal transmitted over the optical transmission line 53 is taken out by the
optical splitting unit §5, and the optical signal taken out (monitor light) is sent to the dispersion quantity detecting appa-
ratus 51. In the dispersion quantity detecting apparatus 51, a state of polarization-mode dispersion generated in the
optical signal transmitted over the optical transmission path 53 is monitored on the basis of the optical signal take out
by the optical splitting unit 55.

[0302] In the above structure, a sweep control is performed before system operation. First, a parameter (at least either
the delay quantity At or the optical intensity splitting ratio v) showing a polarization-mode dispersion quantity to be given
to an optical signal by the polarization-mode dispersion compensator 54 is swept and controlled in a wide range. For
example, the delay quantity At is swept in a range from Aty 10 Aty, and the optical splitting ratio yis swept in a range
fromOto 1.
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[0303] In the dispersion quantity detecting apparatus 51, an intensity of the first specific frequency component {fe (Hz)
component] in a baseband spectrum in the optical signal artificially given the above polarization-mode dispersion is
detected by the photo receiver 58, the band-pass filter 59, and the intensity detector 60, and a polarization-mode dis-
persion quantity of the transmission optical signal is detected by the polarization-mode dispersion quantity detecting
unit 61 in a manner similar to the above.

[0304) Here, the sweep control before operation of the optical transmission system 50 will be described with reference
to FIGS. 31(a) and 31(b). FIG. 31 (a) shows a change in intensity of the first specific frequency component when the
delay quantity At is swept in a range from A1y to At,. FIG. 31(b) shows a change in intensity of the first specific fre-
quency component when the optical splitting ratio yis swept in a range from 0 to 1. As seen from FIGS. 31(a) and 31(b),
the intensity of the first specific frequency component is the maximum when the delay quantity is At or the optical
intensity splitting ratio is yg.

[0305] In consequence, a delay quantity Atg or an optical intensity splitting ratio v is determined as the optimum value
of the parameter information showing a polarization-mode dispersion quantity, an operating point of the polarization-
mode dispersion compensator 54 is such set as the delay quantity At = At or the optical intensity splitting ratio
Y = Yo . and the operation of the optical transmission system 50 is started.

[0306] Incidentally, it is possible to perform a tracking control during operation of the optical transmission system 50
in order to keep the delay quantity At or the optical intensity splitting ratio y at the optimum values at all times againsta
change with time of the optical transmission path 53. As an example of the tracking control, it is possible to use a
method of automatically performing a feedback control when polarization-mode dispersion is compensated, as
described above in the fifth modification of the first embodiment. And, as shown in FIGS. 31(a) and 31(b), the delay
quantity At or the optical intensity splitting ratio y is minutely varied (dithered) in the vicinity of the maximum point Az,
or yp. thereby detecting a new maximum point.

[0307] As above, according to the dispersion quantity detecting apparatus of the ninth modification of the first embod-
iment of this invention, the sweep controlling unit 56 largely sweeps and controls a parameter showing the above polar-
ization-mode dispersion quantity to be artfficially given by the polarization-mode dispersion compensator 54 before
operation of the optical transmission system 50, whereby the optimum value of parameter information showing a polar-
ization-mode dispersion quantity is determined.

[0308] Meanwhile, in the optical transmission system 50 shown in FIG. 30, the polarization-mode dispersion compen-
sator 54 is disposed in the optical transmitter 52. It is alternatively possible that the polarization-mode dispersion com-
pensator 54 is disposed in another position where, for example, the optical receiver 57, a linear repeater (not shown) or
the like is disposed, and a similar control is performed.

(C) Description of a Second Modification

[0309] The method of controlling & polarization-mode dispersion quantity in the first embodiment and the modifica-
tions thereof described above is in the control mode (control mode 1) using the first function. This method may be per-
formed in another way.

[0310] FIG. 32is a block diagram showing a structure of an optical transmission system to which a dispersion com-
pensation controliing apparatus according to a second embodiment of this invention is applied (the same structure is
also adopted in a first modification of the second embodiment to be described later). The optical ransmission system
210C shown in FIG. 32 is as well an optical communication system with a transmission rate B (b/s) (for example, 10
Gb/s or the like) adopting time division muttiplexing. In the optical transmission system 210C, an optical transmitter 2 as
a transmitting terminal apparatus transmitting a transmission optical signal and an optical receiver 207a as a receiving
terminal apparatus receiving the transmission optical signal are connected over an optical transmission line (transmis-
sion fiber) 3, and a dispersion compensation controlling apparatus 225 is disposed on the receiving side. Incidentatly,
a term "dispersion” is generally used to mean "chromatic dispersion”. In the second embodiment, the term "dispersion”
is used to mean "polarization-mode dispersion”, and "polarization-mode dispersion compensation controlling apparatus
225" is mentioned as "PMD compensation controlling unit” in FIG. 32.

[0311] The optical receiver 207a comprises a polarization controller 4B, an inter-polarization-mode variable delay unit
227, an optical splitting unit 5 and an optical receiving unit 6. The optical splitting unit 5 and the optical receiving unit 6
have the same functions as those described above, further descriptions of which are thus omitted. The inter-polariza-
tion-mode variable delay unit 227 gives a delay difference At between polarization modes to perform polarization-
mode dispersion compensation (Polarization-Mode Dispersion compensation), which is variable. Enlarged diagrams of
the polarization controller 4B and the inter-polarization-mode variable delay unit 227 are shown in FIG. 33.

[0312] The polarization controller 4B shown in FIG. 33 is used to adjust the axis when a received optical signal is
inputted to a fber. The polarization controller 4B has wave plates [a 1/4 wave plate (A /4 plate) 4B-11 and a 1/2 wave
plate (A2 plate) 4B-12] which can be driven from the outside. The wave plates 4B-11 and 4B-12 are driven by actuators
4B-13, 4B-14, respectively, receiving parameter setting control signals from the outside.

37




20

25

30

35

40

50

EP 0 964 237 At

[0313]  Optical intensity can be decomposed into two kinds of polarization-mode components a and  (radian).
According to the second embodiment, using variability of the inter-polarization-mode variable delay unit 227, these
polarization mode components « and p are directly and dynamically controlled. An a control is performed at the 1/4
wave plate 4B-11, while g control is performed at the 1/2 wave plate 4B-12. In other words, a functional operation is per-
formed in terms of the optical intensity splitting ratio v in the first embodiment, wherein, so to speak, a static (Static) side
of the optical intensity is used. In this embodiment, using, so to speak, a dynamic (Dynamic) side of the otpical intensity,
a control by adjustment of a polarization angle is performed.

[0314]  Next, a controlling method according to this embodiment will be described. This method is performed in a
mode that the dispersion compensation controlling apparatus 225 performs a feedback control on at least either the
polarization controller 4B or the inter-polarization-mode variable delay unit 227 disposed in the optical ransmission line
3 such that the intensity of the first specific frequency component detected by the intensity detector 13 becomes the
maximum. Namely, not determining a control quantity using a function as in the first embodiment, but determining a
control quantity by feeding-back such that the detected intensity of the specitic frequency becomes the maximum. In
order to discriminate this control mode from the control mode 1 (control using the first function), this control mode will
be referred to as a control mode 2 in the following description.

[0315] Hereinafter, as methods of controlling polarization-mode dispersion, there are a method in which the first func-
tional operation is performed in terms of two variables y and A, and a method in which an optimum value control is per-
formed on at least either a and B, or At.

[0316] In order to perform a dynamic control in the control mode 2, the inter-polarization-mode variable delay unit 227
shown in FIG. 33 comprises polarization beam splitters (PBS) 227a and 227d and an optical attenuator 227b. Namely,
the inter-polarization-mode variable delay unit 227 is configured as a device separating polarization-mode components
by the polarization beam splitter 227a, giving a delay difference between the polarization mode components by the var-
iable optical delay 272¢, and multiplexing them. One of the components is delayed by the variable optical delay 227¢
through an optical fiber 228a and outputted to an optical fiber 229b, while the other component is subjected to a loss by
the optical attenuator 227b such that optical losses in both optical paths are equal, muttiplexed by the polarization beam
splitter 227d stilt in an orthogonal state, and outputted.

[0317] Asabove, itis advantageously possible to not only decrease penalty by controlling using the inter-polarization-
mode variable delay unit 227 as compared with a case where an inter-polarization-mode fixed delay is used but also
comply with fluctuations in polarization-mode dispersion quantity of the optical transmission path due 1o switching of bit
rate, transmission distance, signal modulation format or the like. A delay difference to be given by a variable optical
delay can be changed by a control signal from the outside.

[0318] FIGS. 34(a) through 34(c) show examples of a variable optical delay path according 1o the second embodiment
of this invention. Each of these optical delay paths functions as the variable optical delay 227c, in which an optical signal
is once taken out in the air, given a delay difference, and put back again to a fiber. The optical fibers 229a and 229b
correspond to optical fibers at an input and an output of the variable optical delay 227¢ shown in FIG. 33. FIG. 34(a)
shows a method of using a reflecting mirror 228¢, FIG. 34(b) shows a method of using a corner cube 228d, and FIG.
34(c) shows a method of using a method or the like moving the fiber 229b. Incidentally, in each of the drawings, refer-
ence characters 228a and 228b denote collimator lenses.

[0319] FIG. 35 shows an example of a structure of another inter-polarization-mode variable delay unit according to
the second embodiment of this invention. In an inter-polarization-mode delay element 230 shown in FIG. 35, a plurality
of polarization maintaining fibers (PMF) 230c;, 230c,, 230¢, ... having different polarization-mode dispersion values
are arranged in parallel, and optical switches 230a and 230b are disposed on the input's side and the output's side
thereof. These optical switches 230a (or 230b) lead an inputted optical signal to a corresponding PMF 230c;, 230c;,
230c¢;, ... according to a control signal from the outside. The PMFs 230¢4, 230¢,, 230c3, ... have polarization-mode dis-
persion values Aty, Atp, Aty, ..., respectively, where Aty < Aty < Atg. Further, according to a control signal inputted
according to a polarization dispersion quantity of an inputted optical signal, a PMF close to a value thereof is selected.
In order to increase a variable quantity or a variable accuracy of polarization dispersion, it is only necessary to prepare
a larger number of PMFs therefor. Namely, the inter-polarization-mode delay element (inter-polarization-mode delay
unit) 230 is configured as a device in which a plurality of polarization maintaining fibers having different polarization dis-
persion values are arranged in parallel, and the polarization maintaining fibers transmitting an optical signal are
switched by the optical switch 230a (or 230b) according to a polarization-mode dispersion quantity of the optical trans-
mission line 3, and the inter-polarization-mode delay unit 230 is configured with polarization maintaining fibers. Further,
the inter-polarization-mode delay unit 230 is configured with an inter-polarization-mode variable delay unit in a state
where a delay quantity is fixed.

[0320] Againbackto FIG. 32, the dispersion compensation controlling apparatus 225 shown in FIG. 32 is a dispersion
compensation controlling apparatus corresponding to the dispersion compensation controlling apparatus 1 (1A, 1B, 39,
39A, 398 or the like) according to the first embodiment, which comprises a photo receiver 11, a band-pass filter 12, an
intensity detector 13, andan a + B+ At ¢ ‘setting circuit 226. The photo receiver 11, the band-pass filter 12 and the inten-
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sity detector 13 have the same functions as those described above, further descriptions of which are thus omitted.
[0321] The a+p +A1, setting circuit 226 performs an appropriate control from a signat inputted from the intensity
detector 13 to control the polarization controller 4B in the optical receiver 207a. This polarization-mode controlling func-
tion is achieved by a CPU or the like.

[0322] From the above, a flow of a signal is as follows. Namely, an optical signal at B (b/s) transmitted from the optical
transmitter 2 is subjected to waveform deterioration due to polarization-mode dispersion of Ate (ps/km'?) in the optical
transmission line 3, and inputted to the optical receiver 207a. In the polarization controller 4B in the optical receiver
207a, an axis of the optical signal is adjusted by the 1/4 wave plate 4B-11 and the 1/2 wave plate 4B-12, given a delay
difference At between polarization modes, and compensated its polarization-mode dispersion using the inter-polariza-
tion-mode variable delay unit 227 which can change A1.. A part of the optical signal compensated is split by the optical
splitting unit 5. One of the split signal is O/E-converted by the photo receiver 11 in the dispersion compensation control-
ling apparatus 225, a frequency component of fe (Hz) is extracted by the band-pass filter 12, and an intensity thereof is
detected by the intensity detector 13. The other of the split signal is inputted to the optical receiver 6.

{0323] In this intensity detection, a component intensity of fe = B/2 (Hz) that is a half of the bit rate is detected, and
three parameters of an azimuth angle a of the A/4 plate, an azimuth angle p of the A/2 plate and At are controlled by
the a-p - At setting circuit 226 such that this intensity becomes the maximum. Incidentally, although here are dis-
posed these polarization dispersion compensating devices in the receiving terminal, it is alternatively possible to dis-
pose them in the transmitting terminal or an optical repeater, detect a polarization-mode dispersion quantity at the
receiving terminal and feedback-control the polarization compensation devices. The system using the fe = B/2 (Hz)
component intensity can be adopted to not only NRZ waveforms but also RZ waveforms or OTDM waveforms.

{0324] As above, since an inter-polarization-mode variable delay element is used in this embodiment, waveform dete-
rioration due to polarization-mode dispersion is decreased, and it is possible to comply with fluctuations in polarization-
mode dispersion quantity of the optical transmission line due to a switching of bit rate, transmission distance, signal
modulation format or the like. When an inter-polarization-mode fixed delay element is used, it is sufficient to give a ref-
erence in consideration of system conditions with respect to a design of a fixed delay quantity thereof.

(C1) Description of a First Modification of the Second Embodiment

[0325] According fo the second embodiment, it is possible to provide a function of switching between before system
operation (occasionally referred to as before system operation or a mode setting an initial value) and during system
operation (occasionally referred to as during system operation or a normal use mode). In the same structure as the one
shown in FIG. 32, a method of controlling an initial setting mode is in the control mode 2 to perform polarization-mode
dispersion compensation. Since a frequency provided for intensity detection is in one system, it means that the detec-
tion form 1 is employed. In this modification, a term "dispersion” is used to mean "polarization-mode dispersion”.
[0326] The method is that o, § and Ar, that are three parameters to be given by the A/4 and A/2 plates and the inter-
polarization-mode variable delay element are changed in the full range at a sufficiently small pitch, and an intensity of
the frequency fe (Hz) component is detected for every combination of these three parameters. A combination of the a,
B and At, making the frequency fe (Hz) components the maximum is obtained as a result. At that time, optical waveform
deterioration after compensation is the minimum so that the o, p and Az, are set to those values when the system is
started.

[0327] When a tracking control is started without performing the initial setting mode, there is a possibility that a total
polarization-mode dispersion quantity after polarization-mode dispersion compensation is larger than one time slot at a
point of start of the control. In such case, in the characteristic curve of At versus fe (= B/2) (Hz) component intensity in
FIG. 13, the frequency fe (Hz) component intensity increases with increasing polarization-mode dispersion quantity, so
that waveform deterioration increases due to a maximum value control on the frequency fe (Hz) component. In contrast,
by performing the initial setting mode, the frequency fe (Hz) component is the maximum when the polarization-mode
dispersion quantity Aty after compensation is the minimum so long as the transmission path polarization-mode disper-
sion quantity At does not exceed one time slot, so that the tracking control can be started from a correct position.
[0328] FIGS. 36 and 37 show a control flowchart for realizing polarization-mode dispersion compensation according
to the second embodiment of this invention (incidentally, this flowchart will be also used in third and fourth embodi-
ments). First, the dispersion compensation controlling apparatus (mentioned as a PMD compensation controlling unit
in FIG. 32) 225 starts a program (Step A1), and performs a control of the initial setting mode when system operation is
started (Step A2). Next, a direction of a change of a, p and A, is initialized (Step A3), and the dispersion controlling
apparatus 225 increases a by a constant pitch a1 with p and At being fixed to set a value of a (Step A4). Further, by
changing a, it is determined whether the fe (Hz) component intensity increases or not (Step AS5). When the fe (Hz) com-
ponent intensity increases, YES route is taken, and the dispersion compensation controlling apparatus 225 changes a
at the same pitch a1 in the same direction. When the fe (Hz) component intensity decreases, NO route is taken, and
the dispersion compensation controlling apparatus 225, in the opposite direction (Step A6), changes a at the same
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pitch a1, so thata new a is set in either case (Step A7). Again, it is determined whether the fe (Hz) component intensity
increases or not (Step A8). When the fe (Hz) component intensity increases, YES route is taken, and the dispersion
compensation controlling apparatus 225 changes a at the same pitch a1. The a changing operation is continued until
the fe (Hz) component intensity decreases (Step A7, Step A8). When the fe (Hz) component intensity does not increase
at Step A8, the dispersion compensation controlling apparatus 225 takes NO route, and once terminates the control on
a (first control mode).

(0329]  Next, the dispersion compensation controlling apparatus 225 performs a controt on B in the similar manner.
Namely, at Step A9, the dispersion compensation controlling apparatus 225 increases B by a constant pitch 1 10 set g,
and at Step A10 determines whether or not the fe (Hz) component frequency increases by changing p. When the fe (Hz)
component frequency increases, the dispersion compensation controlling apparatus 225 takes YES route via a point
denoted by D in FIG. 36, and changes B at the same pitch B1 in the same direction (Step A12). On the contrary, when
the fe (Hz) component intensity decreases at Step A10, the dispersion compensation controlling apparatus 225 takes
NO route, and, in the opposite direction (Step A11), changes p at the same pitch p1 to seta new p in the similar manner
(Step A12). At Step A13, the dispersion compensation controlling apparatus 225 again determines whether or not the
fe (Hz) component intensity increases, repeats the both of Steps A12 and A13, and performs a control such that the
frequency fe (Hz) component intensity becomes the maximum. When the frequency fe (Hz) component intensity does
not increase at Step A13, the dispersion compensation controlling apparatus 225 takes NO route, and once terminates
the control on B (second control mode). '

(0330] Finally, the dispersion compensation controlling apparatus 225 performs a control on At in the similar manner.
Namely, at Step A14, the dispersion compensation controlling apparatus 225 increases At by a constant pitch ar, to
set Az, and determines whether or not the fe (Hz) component intensity increases by changing At (step A15). When the
fe (Hz) component intensity increases, the dispersion compensation controlling apparatus 225 takes YES route, and
changes At at the same pitch At in the same direction (Step A1 7). On the contrary, when the fe (Hz) component inten-
sity decreases at Step A15, the dispersion compensation controlling apparatus 225 takes NO route, and in the opposite
direction (Step A16), changes At at the same pitch At, to set a new At (Step A17). At Step A18, the dispersion com-
pensation controlling apparatus 225 again determines whether or not the fe (Hz) component intensity increases. When
the fe (Hz) component intensity increases, the dispersion compensation controlling apparatus 225 takes YES route,
and repeats the both of Steps A17 and A18. When the frequency fe (Hz) component intensity does not increase at Step
A18, the dispersion compensation controlling apparatus 225 takes NO route, once terminates the contro! on At (third
control), and moves back to Step A3 in FIG. 36 via a point denoted by @ in FIG. 36.

[0331] As above, one control cycle is finished, and again the next control continues from a in the similar manner.
Namely, the polarization-mode dispersion controlling unit (dispersion compensation controlling apparatus 225) per-
forms a control in a first control mode in which the potarization-mode dispersion controlling unit changes any one of an
azimuth angle of the 1/4 wave plate 4B-11, an azimuth angle of the 1/2 wave plate in the polarization controller 4B and
a delay quantity between polarization modes of the inter-polarization-mode delay unit 227 such that the intensity of the
first specitic frequency component becomes the maximum while fixing the remaining parameters among the above azi-
muth angles and the delay quantity between polarization modes. After the first control mode, the dispersion-mode con-
tralling unit performs a control in a second control mode in which the polarization-mode dispersion controlling unit
changes either one of the remaining control parameters such that the intensity of the first specific frequency component
becomes the maximum while fixing the parameter having been first changed and the other one of the remaining control
parameters. Finally, the polarization-mode dispersion controlling unit performs a control in the third control mode in
which the polarization-mode dispersion controlling unit changes the other one of the remaining parameters such that
the intensity of the first speific frequency component becomes the maximum, while fixing the control parameter having
been first changed and the one of the remaining control parameters.

[0332] As above, since a tracking control is performed during system operation, it is possible to capture the maximum
values of changing a, p and Az, so as to follow fluctuations in these parameters due to a change in external environ-
ment such as temperature.

[0333] Since the initial setting mode before system operation is performed as above, it is advantageously possible to
obtain the optimum state even from a start of system operation. In addition, it is also advantageously possible to nor-
mally pertorm the tracking control during operation.

(0334] FIG. 38 shows a control flowchart for realizing polarization-mode dispersion compensation according to the
second embodiment of this invention (incidentally, this flowchart will be also used in the third and fourth embodiments).
Although the initial setting mode at the time of start of system operation is similar to the flowchart shown in FIGS. 36
and 37 (Steps B1 through B3), here is featured that a control is switched on a-f—At.—a—... with each change at
each step in the tracking contro! during system operation.

[0335] Namely, the dispersion compensation controlling apparatus 225 performs the initial setting (Step B1 through
Step B3), and sets a value of a at Step B4. By changing o, the dispersion compensation controlling apparatus 225
determines whether or not the fe (Hz) component intensity increases (Step BS). When the fe (Hz) component intensity
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increase here, the dispersion compensation controlling apparatus 225 takes YES route. On the contrary, when the fe
(Hz) component intensity decreases, the dispersion compensation contorlling apparatus 225 takes NO route, and
changes a value of a in the opposite direction (Step B6). Whereby, a fourth control mode is performed (Step B4 through
Step B6).

[0336) Further, the dispersion compensation controlling apparatus 225 changes a value of B at a pitch B1 (Step B7),
and determines at Step B8 whether or not the fe (Hz) component intensity increases. When the fe (Hz) component
intensity increases, the dispersion compensation controlling apparatus 225 takes YES route. On the contrary, when the
fe (Hz) component intensity decreases, the dispersion compensation controlling apparatus 225 takes NO route, and
changes a value of § in the opposite direction (Step B9). Whereby, a fifth control mode is performed (Step B7 through
B9).

[0337] Finally, the dispersion compensation controlling apparatus 225 changes a value of At at apitch At (Step B10),
and at Step B11 determines whether or not the fe (Hz) component intensity increases. The fe (Hz) component intensity
increases, the dispersion compensation controlling apparatus 225 takes YES route. On the contrary, when the fe (Hz)
componertt intensity decreases, the dispersion compensation controlling apparatus 225 takes NO route, and changes
a value of At in the opposite direction (Step B12). Whereby, a sixth control mode is performed (Step B10 through Step
B12).

[0338] The controlling method shown in FIG. 38 has a faster convergence to the optimum point than the controlling
method shown in FIGS. 36 and 37. Namely, the polarization-mode dispersion controlling unit (dispersion compensation
controlling apparatus 225) performs a control in a fourth control mode in which the polarization-mode dispersion con-
trolling unit changes any one of an azimuth angle of the 1/4 wave plate 48-11, an azimuth angle of the 1/2 wave plate
48B-12 in the polarization controller 4B and a delay quantity between polarization modes of the inter-polarization-mode
delay unit 227 such that the intensity of the first specific frequency component increases while fixing the remaining con-
trol parameters among the above azimuth angles and the delay quantity between polarization modes. After the fourth
control, the polarization-mode dispersion controlting unit performs a control in a fifth control mode in which the polari-
zation-mode dispersion controlling unit changes one of the remaining control parameters such that the intensity of the
first specific frequency component increases while fixing the control parameter having been first changed and the other
one of the remaining control parameters. Finally, the polarization-mode dispersion controlling unit performs the sixth
control mode in which the polarization-mode dispersion controlling unit changes the other one of the remaining control
parameters such that the intensity of the first specific frequency component increases while fixing the control parameter
having been first changed and the one of the remaining control parameters. After that, the polarization-mode dispersion
controlling unit repeatedly executes the fourth control mode, the fifth control mode and the sixth control mode described
above until the intensity of the first specific frequency component becomes the maximum. As above, since the initial set-
ting mode before system operation is performed as shown in FIGS. 36 through 38, it is advantageously possible to
obtain the optimum state even during system operation, and normally perform the tracking control during operation.

(C2) Description of a Second Modification of the Second Embodiment

[0339] FIG. 39 is a block diagram showing a structure of an optical transmission system according to a second mod-
ification of the second embodiment of this invention, in which a control on an inter-polarization-mode variable delay is
performed in analogue, and a control using the control mode 2 is performed. The optical fransmission system 210D
shown in FIG. 39 is as well an optical communication system with a transmission rate B (b/s) (for example, 10 Gb/s or
the like) adopting time division multiplexing. In the optical transmission system 210D, as shown in FIG. 39, an optica!
transmitter 2 and an optical receiver 207a are connected over an optical ransmission line (transmission fiber) 3, and a
dispersion compensation controlling apparatus 225a is disposed on the receiving side. The optical transmitter 2, the
optical receiver 207a and the optical transmission line 3 are the same as those described above, further descriptions of
which are thus omitted. Incidentally, in this modification, a term "dispersion” is used to mean "polarization-mode disper-
sion".

(0340] The dispersion compensation controlling apparatus 225a comprises, a photo receiver 11, a band-pass filter 12
and an intensity detector 13, along with band-pass filters (f4, f,, {3 BPF) 232A, 2328 and 232C, phase comparing cir-
cuits 233A, 233B and 233C, an a setting circuit 237A, a p setting circuit 237B, a At setting circuit 237C, low frequency
superimposing circuits 235A, 235B and 235C, and low frequency generators 234A, 2348 and 234C. The photo receiver
11, the band-pass fiter 12 and the intensity detector 13 have the same functions as those described above, further
descriptions of which are thus omitted.

[0341] The band-pass filters 232A, 232B and 232C extract low frequency signal components [f,, f,, f; (Hz) compo-
nents] included in the intensity of the first specific frequency component detected by the intensity detector 13. The
phase comparing circuit 233A compares the low frequency signal component extracted by the band-pass fitter 232A
with a low frequency signal from the low frequency generator 234A to detect a difference in phase, and controls a
parameter setting in the a setting circuit 235A such that the low frequency signal component extracted by the band-pass
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filter 232A becomes zero. Similarly, input sides of the phase comparing circuits 233B and 233C correspond to the band-
pass filters 232B and 232C, while the output sides of the same correspond to the B setting circuit 2378 and the At set-
ting circuit 237C. Further, the a setting circuit 237A, the p setting circuit 2378 and the At, setting circuit 237C perform
appropriate controls from signals inputted from the phase comparing circuits 233A, 2338 and 233C to determine values
of a, p and At, respectively.

[0342] Further, the low frequency superimposing circuits 235A and 2358 superimposes predetermined low frequency
signals (f4 signal and f, signal) inputted from the low frequency oscillators 234A and 2348 on an a setting control signal
and a B setting control signal outputted from the a setting circuit 237A and the P setting circuit 2378, respectively, to
give minute modulation thereto, and send the modulated parameter setting control signals to the polarization controlling
unit 4B. Similarly, the low frequency superimposing circuit 235C superimposes a predetermined low frequency signal
(f3 signal) set in advance inputted trom the low frequency oscillator 234C on a At setting control signal outputted from
the A, setting circuit 237C to give minute modulation thereto, and sends out the modulated parameter setting control
signal to an inter-polarization-mode variable delay unit 227.

{0343] From the above, the optical transmission system 210D is provided with a compensation quantity optimization
controlling unit 241 which superimposes predetermined low frequency signals set in advance on control signals to be
outputted from the polarization-mode dispersion controlling unit 225a to the polarization controller 4B and the inter-
polarization-mode delay unit 227, and controls the above polarization controller 4B and the inter-polarization-mode
delay unit 227 such that the above low frequency components included in the intensity of the above first specific fre-
quency component from the intensity detector (first intensity detecting unit) 13 become zero, thereby optimizing a com-
pensation quantity of polarization-mode dispersion of the above transmission optical signal.

[0344]  With the above structure, with respect to a, a minute signal at a low frequency f, (Hz) generated by the low
frequency oscillator 235A is superimposed on an a contro! signal from the a setting circuit 237A. A part of the optical
signal after polarization-mode dispersion compensation is split and photoelectrically converted, after that, a frequency
fe (Hz) component intensity is extracted so that an intensity detection is performed. When a value of a is at the optimum
position where the frequency fe (Hz) component intensity is the maximum, the extracted frequency fe (Hz) component
intensity does not have an intensity changing component of the low frequency f; (Hz). When a value of a is deviated
from the optimum position, a component of the frequency f; (H2) appears in a change with time of the fe (Hz) compo-
nent intensity. Accordingly, a component of the frequency f, ( Hz) detected from the fe (Hz) component intensity is
detected, and a feedback is performed in analog such as to change a value of a in such a direction that that component
disappears.

[0345] Namely, the phase comparing circuit 233A compares a phase of that component with a phase of the low fre-
quency signal f; (Hz) from the low frequency oscillator 234A, and a direction in which o« should be changed is deter-
mined according to phase information obtained as a result. The similar contro! is performed on B and Ar, as well.
However, since frequencies of the low frequencies are at different values, it is possible to independently perform the
optimum controls even if the controls are performed simulianeously.

[0346] Namely, the compensation quantity optimization controlling unit 241 modulates an azimuth angle of the 1/4
wave plate 4B-11 and an azimuth angle of the 1/2 wave plate 4B-12in the polarization controller 4B and a delay quantity
between polarization modes of the inter-polarization-mode delay unit 227 with low frequencies at different frequencies,
detects an intensity of the first frequency component in a baseband spectrum of a transmission optical signal, and opti-
mizes the azimuth angle of the 1/4 wave plate 4B-11 and the azimuth angle of the 1/2 wave plate 4B-12 in the above
polarization controller 4B and the delay quantity between polarization modes of the inter-polarization-mode delay unit
227 such that the intensity modulation component of the low frequency component included therein becomes zero.
[0347] As above, minute modulation is performed with different low frequencies fy, f, and f3 (Hz) on respective a, p
and At so that the fe (Hz) component intensity is automatically fixed to the maximum value, which enables an accurate
control.

(CB) Description of a Third Modification of the Second Embodiment

[0348] FIG. 40 is a diagram showing a structure of an optical transmission system according to a third modification of
the second embodiment of this invention, in which an object of control is changeable between before system operation
(before start of system operation) and during system operation (after start of system operation), and the detection form
1 and the control mode 2 are performed.

[0349] The optical transmission system 210E shown in FIG. 40 is as well an optical communication system with a
transmission rate B (b/s) (for example, 10 Gb/s or the like) adopting time division multiplexing. In the optical transmis-
sion system 210E. an optical transmitter 2 and an optical receiver 207a are connected over an optical transmission line
(transmission fiber) 3, and a PMD compensation controlling unit (polarization-mode dispersion controlling unit) 225b is
disposed on the receiving side. The optical transmitter 2, the optical receiver 207a and the optical transmission line 3
are the same as those described above, further descriptions of which are thus omitted. Incidentally, in this modification,
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a term "dispersion” is used to mean "polarization-mode dispersion”.

[0350] The dispersion compensation controlling apparatus 225b comprises a photo receiver 11, a band-pass filter 12
and an intensity detector 13 along with an a « B * At setting circuit 226. The photo receiver 11, the band-pass filter 12
and the intensity detector 13 have the same functions as those described above, further descriptions of which are thus
omitted.

[0351] The a«p - A1, setting circuit 266 can control a polarization controller 4B and an inter-polarization-mode var-
iable delay unit 227. Namely, the a « B « At setting circuit 226 controls an azimuth angle of a 1/4 wave plate 4B-11 and
an azimuth angle of a 1/2 wave plate 4B-12 in the polarization controller 4B and a delay quantity between polarization
modes of the inter-polarization-mode delay unit 227 in the optical receiver 207a according to a signal inputted from the
intensity detector 13, and optimizes the delay quantity At of the inter-polarization-mode variable delay unit 227 in order
to be abie to comply with fluctuation information (this information is transmitted by the optical transmitter 2) on a trans-
mission line polarization-mode dispersion quantity such as bit rate, transmission distance, signal modulation system
and the like. In consequence, it is necessary to provide an inter-polarization-mode variable delay element.

[0352] With the above structure, a delay quantity At of the inter-polarization-mode variable delay element is opti-
mized before start of system operation (before operation), and a process for complying with fluctuations in transmission
line polarization-mode dispersion quantity due to a switching of bit rate, transmission distance, signal modulation sys-
tem or the like is performed. When there is a switching in the system, a signal informing of the switching is sent from
the optical transmitter 2 to the polarization-mode dispersion controlling unit 225b, and the delay quantity Az, of the inter-
polarization-mode variable delay element is optimized only immediately after the switching. To the contrary, during sys-
tem operation, when a fluctuation due to a change in environment of the polarization dispersion quantity is smaller than
a PMD tolerance (the maximum allowable polarization-mode dispersion quantity), a control on Az, is not performed but
only a and B are controlled.

[0353] Whereby, the polarization-mode dispersion controlling unit (PMD compensation controlling unit) 225b performs
a control on only the polarization controller 4B during system operation, while controlling the inter-polarization-mode
delay unit 227 when system operation is started or when there is a switching of an element determining conditions of
polarization-mode dispersion in the optical transmission line 3.

(C4) Description of a Fourth Modification of the Second Embodiment

[0354] FIG. 41 is a block diagram showing a structure of an optical transmission system to which a polarization-mode
dispersion compensation controlling apparatus at the time of system operation according to a fourth modification of the
second embodiment of this invention is applied. The optical transmission system 210F shown in FIG. 41 is as well an
optical communication system with a transmission rate B (b/s) (for example, 10 Gb/s or the like) adopting time division
multiplexing, which differs from the system shown in FIG. 40 in that an inter-polarization-mode variable delay unit 230
uses an element of a fixed value At,. In this modification, a term "dispersion” is used to mean "polarization-mode dis-
persion”, as well.

[0355] In the optical ransmission system 210F, an optical transmitter 2 and an optical receiver 207b are connected
over an optical transmission line (optical fiber) 3, and a dispersion compensation controlling apparatus 225¢ is disposed
on the receiving side. The optical receiver 207b comprises a polarization controller 4B, the inter-polarization-mode var-
iable delay unit 230, an optical splitting unit 5 and an optical receiving unit 6. The dispersion compensation controlling
apparatus 225¢ comprises a photo receiver 11, a band-pass fitter 12, an intensity detector 13 and an a * p setting circuit
212. The a+ p setting circuit 212 controls values of a and p such that the fe (Hz) component intensity becomes the max-
imum. In other words, the a * g setting circuit 212 functions as a means-controlling the polarization controller 48 chang-
ing a polarization state of an optical signal. .

[0356] With the above structure, a PMD tolerance is measured using the inter-polarization-mode variable delay unit
230 before system operation, whereas a delay quantity of the inter-polarization-mode variable delay unit 230 is used
while the delay quantity is tixed within an allowable range based on a value of the PMD tolerance, during system oper-
ation.

[0357] Measurement of the PMD tolerance before system operation is performed using the same transmitter and
receiver as the ones used in the optical transmission system 210F. This method will be described with reference to FIG.
42,

(0358] FIG. 42 is a diagram illustrating a method of measuring a PMD tolerance. Before system operation, a PMD
tolerance is measured using the same transmitter and receiver as those used in actual transmission as the optical
receiver 207b shown in FIG. 42. In concrete, by continuously changing a delay quantity between polarization modes
using the inter-polarization-mode variable delay unit 230 shown in FIG. 42, a polarization-mode dispersion quantity Are
of a transmission line is simulated, and a bit error rate is measured in the optical receiver 207b. Provided that penalty 1
dB or below is transmittable, for example, a PMD tolerance is determined as At,4p. After that, the dispersion compen-
sation controlling apparatus 225¢ sets the delay quantity Az, of the inter-polarization-mode variable delay unit 230 in a
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range of T-Atygg<At.<2A144g. where T represents one time slot period. A way of setting in such range will be described
later.

[0359] On the other hand, when the system is actually operated, a delay quantity of the inter-polarization-mode vari-
able delay unit 230 is fixed to a predetermined set value, and inserted in a transmission line, and used, as shown in
FIGS. 41 and 42.

[0360]) Whereby, before system operation, a PMD tolerance is measured in response to a control signal. As this, it is
advantageous that compensation conditions of polarization-mode dispersion are optimized in the initial stage, and
parameters to be controlled at the time of system operation is lessen.

[0361]  Next, that such compensation conditions, can be optimized will be described with reference to FIGS. 43
through 51, and a reason why the delay quantity A, of the inter-polarization-mode variable delay unit 230 is set in a
range of T-Aty4g<A1,<2AT44g Will be described.

[0362] First, here is shown, using FIG. 43 and formulae (4) through (9) below, that an optical signal after given a delay
difference At between polarization modes by a PMF 231 for polarization-mode dispersion compensation is expressed
by formula (9).

[0363] FIG. 43 is a biock diagram showing a structure of an optical transmission system to which a polarization-mode
dispersion compensation controlling apparatus using a PMF for polarization-mode dispersion compensation according
to the fourth modification of the second embodiment of this invention is applied. The optical transmission system 210G
is as well an optical communication system with a transmission rate B (b/s) (for example, 10 Gb/s or the like) adopting
time division multiplexing, which has a function of compensating polarization-mode dispersion of a transmission line. In
the optical transmission system 210G, an optical transmitter 2 and an optical receiver 207¢ are connected over an opti-
cal transmission line (transmission fiber) 3, and a dispersion compensation controlling apparatus 225d is disposed on
the receiving side. The opfical receiver 207¢c comprises a polarization controller 4B, a polarization maintaining fiber
(PMF) 231, an optical splitting unit 5 and an optical receiving unit 6.

[0364] With these, in the optical receiver 207c, a received light passes through the polarization controlier 4B, and is
inputted to the PMF 231. Here, the optical signal is polarization-mode-dispersion-compensated (given a delay differ-
ence At between polarization modes), and spiit by the optical splitting unit 5. One of the optical signal undergoes a light
receiving process in the optical receiving unit 6. With respect to the other optical signal, an fe = B/2 (Hz) component
intensity in a baseband spectrum of a signal at B (Gb/s) is detected in the band-pass filter 12 of the dispersion compen-
sation controlling apparatus 225d.

[0365] Here, when a transmission light is linearly polarized light expressed by a formula (4) below in Jones vector rep-
resentation, the transmit light split into polarization mode components at an intensity ratio y due to polarization-mode
dispersion of the transmission line, and given a delay difference Atg is expressed in vector representation as a formula

(5):

[A(t) + :) . B(t)] @)

(where j is imaginary unit,)

b [./T, * (A(t-Atg) +j « Bt-At F))] (5)

) - (AWM +j - B(Y)

[0366] Further, when azimuth angles of the 1/4 wave plate 48-11 and the 1/2 wave plate 4B-12 in the polarization
controller 4B are o and $ (radian), an optical waveform after passing through the polarization controller 4B is deter-
mined in matrix calculation as a formula (6) with matrixes expressed by formutae (7) and (8):

R=H-Q-P (6)
_ 17114 » cos(2a) j - sin(2a)
Q= VE[.‘ - sinRa) 14 - cos(2a)] ™

=j

. (28) .sin(2ﬂ):| @
sin(2B) -cos(2p)
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[0367] As a result, assuming that the optical waveform is expressed in a form of R below:

A=< (f)ﬂ: . D(t)]
Et)+j - F(t)

[0368] The optical waveform after given a delay difference Atr between polarization modes by the PMF 231 for PMD
compensation is finally expressed by a formula (9):

pra[Seard el Dlteanay ©)

EM) +i - Ft)

[0369] Here, although axes are such set that the fast axis of polarization-mode dispersion of the transmission line and
the slow axis of the PMF are in parallel for the sake of convenience, it is possible to realize the similar state by adjusting
a (QWP) and p (HWP) even if they are in a rotated relation, in general.

[0370] Next, here is shown that a and  yielding the maximum value of the 20 GHz component intensity are the same
as a and p yielding the maximum value of the eye opening, with reference to FIGS. 44 through 47. These drawings are
made in computer simulation, wherein the transverse axis is a (QWP) , while the vertical axis is § (HWP), and the mag-
nitude of the intensity is represented by contour lines along the Z axis (in a direction penetrating from the back of the
paper to the front thereof).

[0371] FIGS. 44(a) and 44(b) show 20 GHz component intensity in a received baseband signal and eye opening of a
received waveform with respect to o (degree: degree) and B (degree: degree) when these controls are performed on an
NRZ signal where a delay quantity At is 0 {ps). From these drawings, it is seen that a combination of a and B yielding
the maximum of the 20 GHz component intensity [peaks of the contour lines in FIG. 44(a), parts denoted by 1 through
8] and a combination of a and B yielding the maximum of the eye opening [peaks of the contour line, parts denoted by
1 through 8 in FIG. 448b)] coincide. Incidentally, yis fixed to 0.5 so that waveform deterioration due to polarization-mode
dispersion is the maximum.

[0372] Similarly, FIGS. 45(a) and 45(b) show 20 GHz component intensity in a received baseband signal and eye
opening of a received waveform where a delay quantity At is 5 (ps), wherein positions 1 through 7 of peaks of the con-
tour lines in FIG. 45(a) coincide with positions 1 through 7 of peaks of the contour lines in FIG. 45(b). FIGS. 46(a) and
46(b) show 20 GHz component intensity of a received baseband signal and eye opening of a received waveform where
a delay quantity At is 10 (ps), wherein positions 1 through 6 of peaks of the contour lines in FIG. 46(a) coincide with
positions 1 through 6 of peaks of the contour lines in FIG. 46(b). Further, FIGS. 47(a) and 47(b) show 20 GHz compo-
nentintensity in a received baseband signal and eye opening of a received waveform where a delay quantity At is 20
(ps), wherein positions 1 through 7 of peaks of the contour lines in FIG. 47(a) coincide with positions 1 through 7 of
peaks of the contour lines in FIG. 47(b).

[0373] From FIGS. 44(a) and 44(b) through 47(a) and 47(b) all, it is seen that a combination of a and p yielding the
maximum and the minimum of the 20 GHz component intensity and a combination of a and B yielding the maximum
and the minimum at the peaks of the contour lines) of the eye opening coincide to each other. This relationship coin-
cides with respect to the PMD value (polarization-mode dispersion value ) of all transmission lines. From this, it is seen
that a polarization-mode dispersion compensating method maximizing a frequency component intensity that is a half of
the bit rate in the baseband spectrum is effective. With respect to not only the NRZ signal but also the 40 Gb/s OTDM
waveform, it has been confirmed that a control using the 20 GHz component intensity can be performed in the similar
manner. .

[0374] Next, eye opening penatty will be described with reference to FIGS. 48(a) and 48(b), and 49(a) and 49(b).
[0375] FIG. 48(a) is a diagram showing results of calculation of transmission path PMD versus 20 GHz component
intensity in the case where transmission is performed using a 40 Gb/s NRZ signal with/without polarization-mode dis-
persion compensation, wherein two kinds, with compensation and without compensation, are shown. The transverse
axis in FIG. 48(a) shows PMD At of the transmissin line, whereas the vertical axis shows the maximum value of 20
GHz component intensity. At shows a delay quantity of the transmission path, and eye opening penalty signifies an
amount of the eye opening deteriorated from when the transmitter and the receiver face to each other. FIG. 48(b) is a
diagram showing results of calculation of transmission PMD At (transverse axis) versus eye opening penalty (vertical
axis) . Here, At = 10 ps and 20 ps are set as a value of PMF for compensation. Incidentally, values of a and B are
varied according to a value of At and these values are such set that they become the optimum values when they are
calculated.

[0376] As shown in FIGS. 48(a) and 48(b), in the case of At ¢ = 10 ps, a combination of a = 45° and B = 22.5° yields
the maximum 20 GHz component intensity (refer to FIG. 48 (a)), and yeilds the minimum value 0 of the eye opening
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penalty (refer to FIG. 48(b)) when the transmission PMD is At ¢ = 0 ps. This corresponds to a case where an optical
signal inputted to the PMF 231 is linearly polarized light coinciding with the polarization primary axis direction of the
PMF 231 by the polarization controller 4B. In this case, the optical signal is not affected by polarization dispersion of the
PMF 231 so that the same eye opening is obtained as when the transmitter and the receiver face to each other.
[0377] To the contrary, if the transmission line PMD is as sufficiently large as At > 10ps, the 20 GHz component
intensity is the maximum when a=p=0° [refer to FIG. 49 (a)], and the eye opening penalty is the minimum. This corre-
sponds to a case where a polarization direction of light passing through the fast axis of the polarization primary axis of
the transmission line coincides with the slow axis of the PMF 23, while a polarization direction of light passing through
the slow axis coincides with the fast axis of the PMF. As a result, this coincides with a state where the optical waveform
is subjected to polarization dispersion of a deduction of Atg -At,, and deterioration is therefore more suppressed than
in the a case where the optical waveform is subjected to polarization dispersion of Atz without compensation.

[0378] Inthe case of an intermediate range of 0 ps < Ate < 10 ps, a combination of @ and p yielding the maximum 20
GHz component intensity continuously changes from a = 45° and p = 22.5° to o = p = 0° with increasing Ate In such
case, the eye opening penalty increases from 0 dB at a point in the vicinity of At = At /2 = § ps, after that, slightly
decreases, and again becomes 0 db at At ¢ = 41, =10ps. Back to FIG. 48(b), when the PMF for compensation is
A1, =20 ps, itis seen that an increase of the panelty in the vicinity of Atp = At /2 = 10 ps is noticeable. In order to
compensate polarization-mode dispersion within as a larger range Atg as possible, it is necessary to set Az, to a large
value to some extent. But, if Atp is set to an excessively lager value, an increase of the penalty at Atp = At /2
becomes large. Therefore, there exists a range of appropriate At..

[0379] Similarly, FIGS. 49(a) and 49(b) show results of calculation of transmission path PMD Atg versus 20 GHz com-
ponent intensity, and transmission path PMD At versus eye opening penalty when transmission is performed with a 40
Gb/s OTDM signal withiwithout polarization-mode dispersion compensation, wherein two kinds, that is, with compen-
sation and without compensation, are shown. In this case, results similar to those in the case of an NRZ signal are
obtained.

[0380] Next, a way of determining a set range of appropriate At will be described with reference to FIGS. 50(a) and
50(b). FIG. S0(a) is a diagram showing a relationship of transmission path PMD versus eye opening penalty in the case
where the delay quantity Ax is the minimum. FIG. 50(b) is a diagram showing a relationship of transmission PMD ver-
sus eye opening penalty in the case where the delay quantity At is the maximum. These drawings are drawings sche-
matically showing a way of determining the set range, in which what shown by a broken line a and a broken line b are
penalty changes (relationship of PMD At versus penalty) due to polarization-mode dispersion without a polarization-
mode dispersion compensator, and what shown by a solid line are penalty changes due to polarization-mode dispersion
at the time of polarization-mode dispersion with PMF. Here, when penalty 1 db or below is a deterioration allowabie ref-
erence, a PMD tolerance (the maximum allowable polarization-mode dispersion quantity) is indicated at 1 dB along At
(vertical axis) in FIGS. 50(a) and 50(b). Incidentally, A, along the transverse axis corresponds to a period of one time
slot.

[0381] In At > Atgin a part indicated by a solid fine in FIG. 50(a) (relationship of ransmission line PMD At¢ versus
penalty when polarization-mode dispersion compensation is performed with the polarization controller and the PMF
with a delay difference At.), the penalty changes follow a solid line ¢ that is obtained by moving a broken line a in par-
allel by Ax in a direction of the At axis. In 0 < Ate < A1, there is a penalty increase with the maximum at a point B in
the vicinity of At = At /2, but the penalty thereat is smaller than that at an intersection of a broken line d and a bro-
ken line a that is obtained by moving the broken line b by At in a direction of the Atg axis in parallel. When At is set
to a large value, a point B moves in a direction closer to a point A, and exceeds the deterioration allowable reference of
below 1 dB. Therefore, itis necessary that the point A satisfies the allowable reference of penalty 1 dB or below. In con-
sequence, as shown in FIG. 50(b), the maximum value of At is a double of a PMD tolerance Atygg, and the point A is
practically a point reaching the deterioration allowable reference.

[0382] When At exceeds one time slot, this polarization-mode dispersion compensating method cannot be princi-
pally applied. A reason of this will be described with reference to FIGS. 51(a) and 51(b). FIGS. 51(a) and 51(b) are dia-
grams illustrating a case where a delay quantity At exceeds one time slot. When Atr exceeds one time slot (25 ps) as
shown in FIG. 51(b), the monitor intensity becomes the maximum when Aty = Atp+At .. Namely, in FIG. 51(b),
although waveform deterioration in the case of a combination of a and B by which a total PMD quantity after polariza-
tion-mode dispersion compensation is Aty = Atp-At is larger than that in the case where a combination of a and B
by which Aty = Ate- At the detected B/2 GHz component intensity is larger.

[0383) When At = (one time slot) is assumed to be the maximum value of polarization-mode dispersion
quantity in polarization-mode dispersion compensation , At = (one time slot) - (PMD tolerance At 1ap) - @S shown in
FIG. 50(b).

[0384) Namely, the polarization-mode dispersion controlling unit 225c¢ (refer to FIG. 41) comprises a maximum allow-
able polarization-mode dispersion setting means (a « setting circuit 212) setting a maximum allowable polarization-
mode dispersion quantity. in addition, when the polarization-mode dispersion controlling unit 225C feedback-controls at
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least either the polarization controller 4B or the inter-polarization-mode delay unit 230 disposed in the optical transmis-
sion line 3 such that an intensity of the frequency component corresponding to 1/2 of the bit rate as the first specific
frequency component detected by the first intensity detecting unit (intensity detector 13) becomes the maximum, the
polarization-mode dispersion controlling unit 225C sets a delay quantity At of the inter-polarization-mode delay unit
230 to a value above the lower limit value defined as a value obtained by subtracting the maximum allowable polariza-
tion-mode dispersion quantity At,4g from one time slot and below the upper limit value defined as a value having a mag-
nitude two times the maximum allowable polarization-mode dispersion quantity Atqg4p, at the time of system operation.
The potarization-mode dispersion controlling unit 225¢c may set a delay quantity of the inter-polarization-mode delay unit
230 at the time of system operation to the upper limit value or the lower limit value.

[0385] Again back to FIG. 41, the dispersion compensation controlling apparatus 225¢c measures a PMD tolerance
using the same transceiver as one used in an actual optical transmission system before system operation, and deter-
mines a PMD tolerance At,qg with penalty 1 dB as a reference of transmission capability. After that, the dispersion com-
pensation controlling apparatus 225¢ sets a delay quantity At of the inter-polarization-mode variable delay unit 230 to
arange of T-At4p<AT <2AT 45

[0386] As above, it is advantageously possible to optimize compensation conditions of polarization-mode dispersion
in the initial stage, and lessen parameters to be controlled at the time of system operation. If the control mode is devel-
oped to a control mode in which an inter-polarization-mode variable delay element (refer to FIG. 41) is used to control
in lieu of an inter-polarization-mode fixed delay element as the PMF 231 (refer to FIG. 43) , it is possible to more lessen
waveform deterioration. Namely, by performing a control such as to harmonize a delay quantity At, of the variable delay
element with a PMD quantity At¢ of the transmission line, it is possible to make a PMD quantity after compensation be
Aty = Ate-At, = 0. As above, it is possible to effectively perform polarization-mode dispersion compensation of a
transmission line that is a transmission limiting factor in a very high-speed optical transmission system.

(D) Description of a Third Embodiment

[0387] In actual transmission, both of chromatic dispersion and polarization-mode dispersion of a transmission line
become factors limiting a transmission rate and a transmission distance. In order to overcome them, itis required a sys-
tem simultaneously monitoring a chromatic dispersion value and a polarization-mode dispersion value of the transmis-
sion fine, and simultaneously compensating transmission optical waveform deterioration due to them. Although a term
"dispersion” is generally used to mean "chromatic dispersion”, the term "dispersion” is used to mean both "polarization-
mode dispersion” and "chromatic dispersion” in a third embodiment.

[0388]) An optical transmission system 70 shown in FIG. 52 is an optical communication system with a transmission
rate B (b/s) (for example, 40 Gb/s, 10 Gbvs or the like) adopting time division multiplexing. The optical transmission sys-
tem 70 differs from the optical transmission system 10 according to the first embodiment in that the optical transmission
system 70 compensates not only polarization-mode dispersion of a transmission optical signal but also chromatic dis-
persion of the transmission optical signal, the other parts of which are similar to those of the optical transmission system
10 according to the first embodiment.

[0389] Namely, in the optical transmission system 70, an optical transmitter 72 as a transmitting terminal apparatus
transmitting a transmission optical signal and an optical receiver 77 as a receiving terminal apparatus receiving the
transmission optical signal are connected over an optical transmission line (transmission fiber) 73, and a dispersion
compensation controlling apparatus 71 is disposed on the receiving side. Incidentally, the dispersion compensation
controlling apparatus 71 signifies "polarization-mode dispersion-chromatic dispersion compensation controlling appa-
ratus 717,

[0390] The optical receiver 77 comprises a chromatic dispersion compensator 83, a polarization-mode dispersion
compensator 74, an optical splitting unit and an optical receiving unit 76. The chromatic dispersion compensator 83
compensates chromatic dispersion of a transmission optical signal. The polarization-mode dispersion compensator 74
compensates polarization-mode dispersion generated in a transmitted optical signal. Incidentally, the optical splitting
unit 74 and the qmcal receiving unit 76 are similar to those described above, further descriptions of which are thus
omitted.

[0391]) The duspers«on compensation controlling apparatus 71 monitors a state of polarization-mode dispersion and a
state of chromatic dispersion generated in an optical signal transmitted over the optical transmission line 73 on the
basis of an optical signal taken out by the optical splitting unit 75, and controls the polarization-mode dispersion com-
pensator 74 and the chromatic dispersion compensator 83 according to results of the monitoring, which comprises a
photo receiver 78, a band-pass filter {B/2 (Hz) BPF] 79A, a band-pass filter [B (Hz) BPF] 798, intensity detectors 80A
and 808, a polarization-mode dispersion controlling unit 91 and a chromatic dispersion controlling unit 240.

[0392] The photo receiver 78 receives an optical signal taken out by the optical splitting unit 75, and converts it into
an electric signal. The band-pass filter [B/2 (Hz) BPF] 79A detects a first specific frequency component [B/s (Hz) com-
ponent] in a baseband spectrum in a transmission optical signal inputted to the receiving side over the optical transmis-
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sion line 73, which functions as a first specific frequency component detecting unit. The first specific frequency
component is appropriately set according to a transmission rate or a signal waveform of an optical signal, a frequency
of which is set to a frequency corresponding to 1/2 of the bit rate.

[0393] The intensity detector 80A detects information on an intensity of the above first specific frequency component
detected by the band-pass filter 79A, which functions as a first intensity detecting unit.

[0394]  The polarization-mode dispersion controlling unit 91 controls a polarization-mode dispersion quantity of the
optical transmission line 73 such that the intensity of the first specific frequency component detected by the intensity
detector 80A is the maximum, which comprises a polarization-mode dispersion quantity detecting unit 81 and a chro-
matic dispersion quantity detecting unit 81B. The polarization-mode dispersion quantity detecting unit 81 detects a
polarization-mode dispersion quantity. A parameter setting circuit 82 outputs a parameter setting control signal having
parameter information as a control quantity for compensating potarization-mode dispersion of the transmission optical
signal on the basis of the polarization-mode dispersion quantity detected by the polarization-mode dispersion quantity
detecting unit 81 to the polarization-mode dispersion compensator 74 in the optical receiver 77. The polarization-mode
dispersion controlling unit 91 uses a control mode 2 (or a control mode 12 to be described later).

[0395] The band-pass filter [B (Hz) BPF) 798 detects a second specific frequency component [B (Hz) component] in
a baseband spectrum in a transmission optical signal inputted to the receiving side over the optical transmission line
73, which functions as a second specific frequency component detecting unit. A frequency of the second specific fre-
quency component is set to a frequency corresponding to the bit rate. The intensity detector 808 detects information
on an intensity fo the above second specific frequency component detected by the band-pass fitter 79B, which functions
as a second intensity detecting unit. Incidentally, the intensity detector 80B may output information on the intensity of
the above second specific frequency component detected by the intensity detector 80B as a monitor signal.

[0396] The chromatic dispersion controlling unit 240 controls a chromatic dispersion quantity of the transmission line
73 such that the intensity of the second specific frequency component detected by the intensity detector 80B becomes
the maximum or the minimum, which comprises the chromatic dispersion quantity defecting unit 81B and a chromatic
dispersion quantity setting circuit 82B.

[0397]  The chromatic dispersion quantity detecting unit 81B detects a chromatic dispersion quantity of the above
transmission optical signal from the intensity of the above second specific frequency component detected by the inten-
sity detector 80B by performing a predetermined second functiona! operation. The chromatic dispersion compensation
quantity setting circuit 82B sets a chromatic dispersion control quantity in the chromatic dispersion compensator 83 dis-
posed in the optical transmission line 73 in order to compensate chromatic dispersion of the above transmission optical
signal on the basis of the above chromatic dispersion quantity detected by the chromatic dispersion quantity detecting
unit 81B, which functions as a chromatic dispersion control quantity setting unit.

[0398) This control method is a method in which the chromatic dispersion compensator 83 disposed in the optical
transmission line 73 is feedback-controlled such that the intensity of the second specific frequency component detected
by the second intensity detector (intensity detecting unit 80B) becomes the maximum or the minimum. Namely, a con-
trol quantity is determined by feeding-back such that the intensity of the detected specific frequency becomes the max-
imum or the minimum without the first function. Although the control mode 2 is defined as "becoming the maximum- in
the above second embodiment, the control mode 2 will include a feedback control such as "becoming the maximum or
the minimum- hereinafter.

[0399] In simultaneous monitoring of a chromatic dispersion value and a polarization-mode dispersion value, the
same frequency B (Hz) as the transmission rate B (b/s) is used as a chromatic dispersion monitor frequency fqyp. while
afrequency B/2 (Hz) that is a half of the transmission rate B (b/s) is used as a PMD monitor frequency fppp. which are
different from each cther. According to this embodiment, an output of the photo receiver 78 is split into two, and fre-
quency values at which the specific frequency components are detected are of two kinds, but the detection form 1 is
used. A reason why the detection form 2 is not used is that a signal system (the band-pass filter 79A, the intensity
detector 80A and the polarization-mode dispersion controlling unit 91) performing a polarization-mode dispersion con-
tro! uses one kind of frequency, while a signal system (the band-pass filter 798, the intensity detector 808 and the chro-
matic dispersion controlling unit 240) performing a chromatic dispersion control also uses one kind of frequency.
(0400} According to this embodiment, when the above transmission optical signal is an NRZ optical signal, the first
specific frequency component detecting unit (the band-pass fitter 79A) detects a frequency corresponding to a half of
the bit rate as the first specific frequency component, while the second specific frequency component detecting unit (the
band-pass filter 79B) detects a frequency corresponding to the bit rate as the second specific frequency component. In
the case of the 40 Gb/s NRZ system, there are set f oy, = 40 GHz and fpyp = 20 GHz . Incidentally, as an example
of frequency setting, a value other than the above may be used.

[0401] From this, even if polarization-mode dispersion and chromatic dispersion have dependency on each other, it
is possible to perform the controls simuttaneously and independently. For example, in the case of the 40 Gb/s NRZ sys-
tem, it is sufficient to control such that the f 4, = 40 GHz intensity becomes the minimum, while the fomp = 20 GHz
intensity becomes the maximum.
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[0402] Whereby, a tiow of an ofpical signal is as follows. An optical signal at a transmission rate B (b/s) transmitted
from the optical transmitter 72 is transmitted to the optical receiver 77 over the optical transmission line 73, a part of the
optical signal transmitted over the optical transmission line 73 is taken out by the optical splitting unit 75, and the optical
signal (monitor light) taken out is sent to the dispersion quantity detecting apparatus 71.

[0403] In the dispersion quantity detecting apparatus 71, a state of polarization-mode dispersion and a state of chro-
matic dispersion generated in the optical signal transmitted over the optical transmission line 73 are monitored on the
basis of the optical signal taken out by the optical splitting unit 75, and a control in the control mode 2 is performed by
the polarization-mode dispersion compensator 74 and the chromatic dispersion compensator 83 according to results of
the monitoring. Namely, a maximum value control is such performed that predetermined compensation values are
obtained.

[0404] In concrete, the optical signal taken out by the optical splitter 75 is received by the photo receiver 78, converted
into an electric signal, and inputted to the band-pass filters 79A and 79B. In the band-pass filter 79A, the first specific
frequency component {B/2 (Hz) component] in a baseband spectrum in the transmission optical signal is detected, an
intensity of the above first specific frequency component detected by the band-pass filter 79A is detected by the inten-
sity detector 80A, and the feedback control is performed such that the intensity of the specific frequency component
becomes the maximum or the minimum.

[0405} From the parameter setting circuit 82, a parameter setting signal for setting such parameter information (delay
quantity At ) as to cancel a polarization-mode dispersion quantity detected by the polarization-mode dispersion quantity
detecting unit 81 to the polarization-mode dispersion compensator 74 disposed in the optical receiver 77 in order to
compensate polarization-mode dispersion in the transmission optical signal.

[0406] In the polarization-mode dispersion compensator 74, parameter information is set on the basis of the control
signa! when the polarization-mode dispersion compensator 74 receives the parameter setting control signal, polariza-
tion-mode dispersion generated in the optical signal transmitted over the optical line 74 is thereby compensated.
[0407] On the other hand, in the band-pass filter 79B in the dispersion compensation controlling apparatus 71, the
second specific frequency component [B (Hz) component] in the baseband spectrum in the transmission optical signal
is detected, an intensity of the above second specific frequency component detected by the band-pass filtter 798 is
detected by the intensity detector 80B, and a feedback control is such performed that the intensity of the specific fre-
quency component becomes the maximum or the minimum.

[0408] In the chromatic dispersion compensator 83, chromatic dispersion generated in the optical signal transmitted
over the optical transmission line 73 is compensated on the basis of the contral signal when the chromatic dispersion
compensator 83 receives the control signal. Namely, this dispersion compensation controlling steps are as follows. The
first specific frequency component in a baseband spectrum in a transmission optical signal inputted to the receiving
side over a transmission fiber as the transmission line is detected (first specific frequency component detecting step),
information on an intensity of the above first specific frequency component detected at the first specific frequency com-
ponent detecting step is detected (first intensity detecting step), a polarization-mode dispersion quantity of the optical
transmission line 73 is such controlled that the intensity of the first specific frequency component detected at the first
intensity detecting step becomes the maximum (polarization-mode dispersion controlling step), the second specific fre-
quency component in the baseband spectrum in the transmission optical signal is detected (second specific frequency
component detecting step), information on an intensity of the above second specific frequency component detected at
the second specific frequency component detecting step is detected (second intensity detecting step), and a chromatic
dispersion quantity of the optical transmission line 73 is such controlled that the intensity of the second specific fre-
quency component detected at the second intensity detecting step becomes the maximum or the minimum (chromatic
dispersion controlling step).

[0409] Whereby, the controls can be performed independently and simultaneously.

[0410] With the above structure, it is possibie to simultaneously optimize chromatic dispersion compensation and
polarization-mode dispersion compensation that become factors limiting a transmission rate and a transmission dis-
tance in a very high-speed optical transmission system in TDM system.

[0411] As above, according to the dispersion compensation controlling apparatus 71 of the third modification of this
invention, itis possible to attain the similar advantages to the first embodiment described above. Since it is also possible
to compensate not only polarization-mode dispersion of a transmission optical signal but also chromatic dispersion of
the transmission optical signal, this embodiment can prevent deterioration of a transmission waveform of an optical sig-
nal due to effects by polarization-mode dispersion and chromatic dispersion, and further contributes to long-distance
transmission of a high-speed optical signal.

[0412) Conversely, it is possible to perform a control in the contro! mode 1 on a polarization-mode dispersion control
quantity and a chromatic dispersion control quantity. Namely, a polarization-mode dispersion quantity can be deter-
mined with the first function, and a chromatic dispersion control quantity can be determined with the second function.
Here, determining with the first function means that a polarization-mode dispersion quantity of the above transmission
optical signal is detected by performing a predetermined first functional operation [that is, a functional operation using
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the above formulae (2) and (3)]. Determining with the second function means that chromatic dispersion vaiue depend-
ency of a predetermined frequency component intensity is measured in advance and stored as data, a function based
on this data is made, and determined as a second function.

[0413] Namely, the polarization-mode dispersion controlling unit {polarization-mode dispersion quantity detecting unit
81, parameter setting circuit 82) may set a polarization-mode dispersion control quantity in the polarization-mode dis-
persion compensator 74 disposed in the optical transmission line 73 such that the intensity of the first specific frequency
component detected by the first intensity detecting unit becomes the maximum, and the chromatic dispersion control-
ling unit 240 may set a chromatic dispersion control quantity in the chromatic dispersion compensator 83 disposed in
the optical transmission line 73 such that the intensity of the second specific frequency component detected by the
intensity detector 80B becomes the maximum or the minimum. Here, the chromatic dispersion quantity detecting unit
81B detects a chromatic dispersion quantity of a transmission optical signal from the intensity of the above second spe-
cific frequency component detected by the intensity detector 80B (second intensity detecting unit) by performing an
operation with a predetermined second function (second functional operation). The chromatic dispersion compensation
quantity setting circuit 82B sets a chromatic dispersion control quantity in the chromatic dispersion compensator 83 dis-
posed in the optical transmission line 73 in order to compensate chromatic dispersion in the transmission optical signal
on the basis of the chromatic dispersion quantity detected by the chromatic dispersion quantity detecting unit 818,
which functions as a chromatic dispersion quantity setting unit.

[0414] Aflow of a signal in this case is as follows. Namely, in the polarization-mode dispersion quantity detecting unit
81 shown in FIG. 52, a polarization-mode dispersion quantity of the above transmission optical signal is detected from
the intensity of the first specific frequency component detected by the intensity detector 80A by performing a predeter-
mined first functional operation [that is, a functional operation using the above formulae (2) and (3)]. In the chromatic
dispersion quantity detecting unit 81B, a chromatic dispersion quantity of the above transmission optical signal is
detected from the intensity of the second specific frequency component detected by the intensity detector 80B by per-
forming a predetermined second functional operation. In the chromatic dispersion compensation quantity setting circuit
82B, a control signal for setting a chromatic dispersion control quantity is outputted to the chromatic dispersion com-
pensator 83 disposed in the optical transmission line 73 on the basis of the above chromatic dispersion quantity
detected by the chromatic dispersion quantity detecting unit 81B in order to compensate chromatic dispersion of the
above transmission optical signal.

[0415]  As having been described in the above second embodiment, when a feedback control is automatically per-
formed using low-frequency-superimposing, it is possible to independently control the polarization-mode dispersion
compensator 74 and the chromatic dispersion compensator 83 by using different frequencies of low frequency signals
to be superimposed on control signals for the polarization-mode dispersion compensator 74 and the chromatic disper-
sion compensator 83.

[0416] FIG. 53 s a block diagram showing a structure of an optical transmission system according to the third embod-
iment of this invention. FIG. 53 is a diagram showing a system equivalent to the optical transmission system shown in
FIG. 52, which is drawn paying attention to a position at which a signal provided for monitoring is taken out (extracted)
when a chromatic dispersion value and a polarization-mode dispersion value are simuitaneously monitored. Received
signal light is split into two in an optical stage (optical splitting unit 75). One of the signal light is inputted as a main signal
system to the optical receiving unit 76, O/E-converted by a photo receiver 76a [denoted as PD (Photo Diode) in FIG.
53], and undergoes a receiving process in an optical receiving unit 76b (denoted as Rx in FIG. 53). The other is inputted
as a monitor system to a photo receiver 78 (denoted as PD in FIG. 53) and O/E-converted, and an electric signal is
processed.

[0417] Further, the light is split into two in an electric stage (photo receiver 78) and inputted to a narrow band band-
pass filter 79B of a center wavelength Fgyp (Hz), a monitor value is detected by an intensity detector 80A, while the
other is inputted to a narrow-band band-pass filter 798 of a center wavelength fpyp, and a monitor value is detected by
an intensity detector 808. Namely, a first intensity detecting unit (intensity detector 80A) can output information on the
intensity of the above first specific frequency component as a monitor signal, while a second intensity detecting unit
(intensity detector 80B) can output information on the detected intensity of the above second specific frequency com-
ponent as a monitor signal. Incidentally, each of the monitoring system uses one kind of frequency value, so that the
detection form 1 is used.

[0418] FIG. 54 is a detailed block diagram of an optical transmission system according to the third embodiment of this
invention. The optical transmission system 70 shown in FIG. 54 comprises an optical transmitter 72, an optical trans-
mission line 73, an optical receiver 77 and a dispersion compensation controlling apparatus 71.

[0413] A chromatic dispersion compensator 83 and a polarization-mode dispersion compensator 74 in the optical
receiver 77 are of variable type, in which a chromatic dispersion compensation quantity and a polarization-mode dis-
persion compensation quantity can be optimum-value-controlled at any time during system operation. An output signal
from an optical splitting unit 75 is inputted to a photo receiver 78 in the dispersion compensation controlling apparatus
71. An output of the photo receiver 78 is split and inputted to band-pass filters 79A and 79B. Outputs of the band-pass
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filters 79A and 79B are inputted to intensity detectors 80A and 80B. Further, outputs of the intensity detectors 80A and
80B are inputted to CPUs 239A and 239B. The CPUs 239A and 2398 feedback-control the polarization-mode disper-
sion compensator 74 and the chromatic dispersion compensator 83 arranged in the receiving terminal using a simutta-
neous monitoring method, which function as a polarization-mode dispersion controlling unit and a chromatic dispersion
controlling unit.

[0420]) Incidentally, when a chromatic dispersion quantity and a polarization-mode dispersion quantity are set to opti-
mum values only at the time of start of system operation, the compensators are not necessarily "variable". For example,
a "fixed" dispersion compensator such as a dispersion compensating fiber, a dispersion compensator of a fiber grating
type or the like may be inserted.

[0421] As a method of switching the controls when a chromatic dispersion compensation quantity and a polarization-
mode dispersion compensation quantity are optimum-value-controlled at all times during system operation, a method
in which the above controls are performed independently and in parallel with respect to time, that is, a method in which
the above polarization-mode dispersion controlling step and the chromatic dispersion controlling step are executed
independently, may be employed. Or, a method in which the above steps are executed in time series in order to prevent
them from being overlapped with respect to time, that is, a method in which the above polarization-mode dispersion
controlling step and the chromatic dispersion controlling step are exectued in time series, may be employed.

[0422] Although the polarization-mode dispersion compensator and the chromatic dispersion compensator are con-
trolled by the CPUs 239A and 239B, it is alternatively possible to use a control method by an analog circuit using syn-
chronous detection or the like, not limited to the above example. It is also possible to insert an A/D converter (not
shown) and a D/A converter (not shown) in front of and behind the CPUs 239A and 239B.

(D1) Description of a First Modification of the Third Embodiment

[0423] As to simultaneous monitoring of a chromatic dispersion value and a polarization-mode dispersion value, a
position at which signals to be provided for the monitoring may be set in a various position to execute the monitoring.
FIG. 55 is a diagram showing a block diagram of an optical transmission system according a first modfification of the
third embodiment of this invention. In the optical transmission system 70A shown in FIG. 55, an optical transmitter 72
and an optical receiver 77A are connected over an optical fransmission line 73, and a compensation quantity monitoring
apparatus 92A is disposed on the receiving side. The compensation quantity monitoring apparatus 92A comprises
photo receivers (PD) 78A and 78B, band-pass filters 798 and 79A, and intensity detectors 80A and 80B. Incidentally,
as an example of a frequency setting, gy = B (GHz) and fpyn = B2 (GHz) in the case of a B (Gb/s) NRZ signal.
However, values other than the above may be used.

[0424] Atthe receiving terminal, signal light is split into three by an optical splitting unit 75A (optical stage), one of the
split signal light is used in a main signal system (optical receiving unit) and the other two are used for monitoring chro-
matic dispersion and polarization-mode dispersion. Further, the monitoring system optical signals are received by the
optical receivers 78A and 78B, different frequency components are extracted by the narrow-band band-pass filters 798

. and 79A having different center wavelengths {gyp and fppmp. and monitor values are detected by the intensity detectors
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80B and 80A. Incidentally, each of the monitoring system uses one kind of frequency value, so that the detection form
1 is used.

[0425]) FIG. 56 is a block diagram of an optical transmission system according to the first modification of the third
embodiment of this invention, which shows a structure in the case where attention is further paid to a loop simultane-
ously compensating chromatic dispersion and polarization-mode dispersion in FIG. 55. In FIG. 56, the same reference
characters designate like or corresponding parts in FIG. §5. Here, a chromatic dispersion compensator 83 and a polar-
ization-mode compensator 74 are of variable type, in which a chromatic dispersion compensation quantity and a polar-
ization-mode dispersion compensation quantity can be optimum-value-controlled at all times during system operation.
In this modification, a term "dispersion™ is used to mean both “polarization-mode dispersion” and "chromatic disper-
sion™. In the case of NRZ system, itis only necessary to control such that the f 4, = 40 (GHz) intensity is the maxi-
mum, while the fp,, =20 (GHz) intensity is the minimum. Whereby, it is possible to perform the controls
simultaneously and independently even if they have dependency on each other.

[0426] Outputs of intensity detectors 80A and 80B shown in FIG.56 are inputted to CPUs 239A and 2398 (detection
form 1). These CPUs 239A and 239B use the simultaneous monitoring method in FIG. 55, and function as a polariza-
tion-mode dispersion controlling unit and a chromatic dispersion controlling unit to feedback-control the chromatic dis-
persion compensator 83 and the polarization-mode dispersion compensator 74 amanged in the receiving terminal.
[0427] When a chromatic dispersion compensation quantity and a polarization-mode dispersion compensation quan-
tity are set to the optimum values only at the time of start of system operation, the compensators are not necessarily
“variable”. For example, a Yixed" dispersion compensator such as a dispersion compensating fiber, a dispersion com-
pensator of a fiber grating type or the like may be inserted.

[0428] The method of controlling a polarization-mode dispersion quantity and a chromatic dispersion quantity may
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use the control mode 1 using the first function and the second function. As a method of switching the controls when a
chromatic dispersion compensation quantity and a polarization-mode dispersion compensation quantity are optimum-
value-controlled at all times during system operation, a method in which the above controls are executed independently
and in parallel with respect to time, that is, a method in which the above polarization-mode dispersion controlling step
and the chromatic dispersion controlling step are executed independently, may be employed. Or a method in which the
above steps are executed in time series in order to prevent them from being overlapped with respect to time, that is, a
method in which the above polarization-mode dispersion controlling step and the chromatic dispersion controlling step
are executed in time series, may be employed.

[0429] Further, althrough the polarization-mode dispersion compensator and the chromatic dispersion compensator
are controlled by the CPUs 239A and 239B, it is alternatively possible to use a controlling method by an analog circuit
using simultaneous detection or the like, not limited to the above example. It is also possible to insert an A/D converter
(not shown) and a D/A converter (not shown) in front of and behind each of the CPUs 239A and 2398.

[0430] Incidentally, either one of two different frequency components extracted in the electric stage, or the both may
be used for extracting a timing in the main signal system.

(D2) Description of a Second Modification of the Third Embodiment

[0431] The signal splitting may be performed in the electric stage. FIG. 57 is a block diagram of an optical transmis-
sion system 70B according to a second modification of the third embodiment of this invention. In the optical transmis-
sion system 70B shown in FIG. 57, an optical transmitter 72 and an optical receiver 77B are connected over an optical
transmission line 73, and a compensation quantity monitoring apparatus 928B is disposed on the receiving side. The
optical receiver 778 comprises a photo receiver 78C, while the compensation quantity monitoring apparatus 928 com-
prises band-pass filters 79A and 79B, and intensity detectors 80A and 80B. As an example of setting frequencies,
fovp = B(GHz) and f o = B/2 (GHz) in the case of a B (Gb/s) NRZ signal. Values other than the above may be
employed. '

[0432] Atthe receiving terminal, signal light is received by the photo receiver 78C in the optical receiver 778, and split
into three in the electric stage. One of the signal light is inputted to an optical receiving unit 76b as a main signal system,
and the other two are used for monitoring chromatic dispersion and polarization-mode dispersion. The monitoring sys-
tem optical signals are received by photo receivers 78A and 78B, different frequency components are extracted by nar-
row-band band-pass filters 798 and 79A having different center wavelengths fqyp and fpyp in the electric stage, and
monitor values are detected by the intensity detectors 80B and 80A. Therefore, the detection form 1 is employed.
[0433] FIG. 58 is a block diagram of an optical transmission system according to the second modification of the third
embodiment of this invention, which shows a structure when paying attention to a loop simultaneously compensating
chromatic dispersion and polarization-mode dispersion. A chromatic dispersion compensator 83 and a polarization-
mode dispersion compensator 74 are of variable type, in which a chromatic dispersion quantity and a polarization-mode
dispersion quantity can be optimum-value-controlled at all times during system operation. Like reference characters in
FIG. 58 designate like or corresponding parts in FIG. 57. In this modification, a term "dispersion” is used to mean both
"polarization-mode dispersion” and "chromatic dispersion”.

[0434] Outputs of intensity detectors 80A and 80B shown in FIG.58 are inputted to CPUs 239 A and 239B. These
CPUs 239A and 239B use the simultaneous monitoring method in FIG. 57, function as a polarization-mode dispersion
controlling unit and a chromatic dispersion controlling unit to feedback-control the chromatic dispersion compensator
83 and the polarization-mode dispersion compensator 74 arranged in the receiving terminal.

[0435] Incidentally, when a chromatic dispersion compensation quantity and a polarization-mode dispersion compen-
sation quantity are set to the optimum values only at the time of start of system operation, the compensators are not
necessarily "variable". For example, a "fixed" dispersion compensator such as a dispersion compensating fiber, a dis-
persion compensator of a fber grating type or the like may be inserted.

[0436] Since it is only necessary to control the compensation values to be the maximum or the minimum values in the
control mode 2 in the feedback control of the compensators, the controls are executed independently and in paralie
even if they have dependency on each other. For example, in the case of 40 Gb/s NRZ system, it is only necessary to
control the gy = 40 GHz intensity to be the minimum while the f pmp = 20 GHz intensity to be the maximum. It is
alternatively possible to control a monitor value to be an absolute value using the control mode 1.

[0437] As a method of switching controls when a chromatic dispersion compensation value and a polarization-mode
dispersion compensation value are controlled to be the optimum values at all imes during system operation, a method
in which the above controls are executed independently and in paralle! with respect to time, that is. a method in which
the above polarization-mode dispersion controlling step and the chromatic dispersion controlling step are executed
independently, may be employed. Or a method in which the controls are executed in time series in order to prevent them
from being overlapped with respect to time, that is, a method in which the above polarization-mode dispersion control-
ling step and the chromatic dispersion controlling step are executed in time series, may be employed.
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[0438] Although the polarization-mode dispersion compensator and the chromatic dispersion compensator are con-
trolled by the CPUs 239A and 239B, it is alternatively possible to use a control method by an analog circuit using syn-
chronous detection, not limited to the above example. It is also possible to insert an A/D converter (not shown) and a
D/A converter (not shown) in front of and behind each of the CPUs 239A and 239B.

[0439] Meanwhile, either one or both of the two different frequency components extracted in the electric stage may
be used for extracting a timing of a main signal system.

(D3) Description of a Third Modification of the Third Embodiment

[0440) FIG. 59 is a block diagram of an optical transmission system according to a third modification of the third
embodiment of this invention. In the optical transmission system 70C shown in FIG. 59, an optical transmitter 72C and
an optical receiver 77C are connected over an optical transmission path 73, and a dispersion compensation controlling
apparatus 71C is disposed on the receiving side.

[0441] The optical transmitter 72C comprises a signal light source 8C and a chromatic dispersion compensator 4C
(denoted as Tx in FIG. 59) of a chromatic dispersion compensation quantity variable type. As a chromatic dispersion
equalizer, the signal light source 8C is configured with a laser diode of a variable wavelength or the like, and a signal
optical wavelength is optimized according to chromatic dispersion of a transmission line by the chromatic dispersion
compensator 4C. The optical receiver 77C comprises a polarization-mode dispersion compensator 74 of a polarization-
mode dispersion compensation quantity variable type and a photo receiving unit 76, thereby performing an optimum
value control at all times during system operation. Incidentally, parts in FIG. 59 designated by the same reference char-
acters in FIG. 59 have the same or similar functions. In this modification, a term "dispersion” is used to mean both
"polarization mode dispersion” and "chromatic dispersion”. When a chromatic dispersion compensation quantity and a
polarization-mode dispersion compensation quantity are set to optimum values only at the time of start of system oper-
ation, it is not necessarily that the compensators are "variable". For example, it is alternatively possible to insert a "fixed”
dispersion compensator such as a dispersion compensating fiber, a dispersion compensator of a fiber grating type, or
the like.

[0442] As this control method, the dispersion compensation controlling apparatus 71C, using the control mode 2,
feedback-controls a chromatic dispersion compensator 83 disposed in the optical transmission line 73 such that the
intensity of the second specific frequency component detected by a second intensity detecting unit (intensity detector
80B) becomes the maximum or the minimum. Since it is only necessary to control the value to be the maximum value
or the minimum value, it is possible to perform the controls simultaneously and independently even if they have depend-
ency on each other. For example, in the case of 40 Gbvs NRZ system, it is only necessary to control such that the
f avp = 40 GHz intensity becomes the minimum while the f ,,, = 20 GHz intensity becomes the maximum value. ltis
alternatively possible to control a monitor value to be an absolute value in the control mode 1.

[0443] As a method of switching the controls when a chromatic dispersion compensation value and a polarization-
mode dispersion compensation value are controlled to be the optical values at all times during system operation, a
method in which the above controls are executed independently and in parallel with respect to time, that is, a method
in which the above polarization-mode dispersion controlling step and the chromatic dispersion controlling step are exe-
cuted independently, may be employed. Or a method in which the controls are executed in time series in order to pre-
vent them from being overlapped with respect to time, that is, a method in which the above polarization-mode
dispersion controlling step and the chromatic dispersion controlling step are executed in time series, may be employed.
[0444] Although the polarization-mode dispersion compensator and the chromatic dispersion compensator are con-
trolled by the CPUs 239A and 239B, it is alternatively possible to use a contro! method by an analog circuit using syn-
chronous detection or the like, not limited to the above example. It is also possible to insert an A/D converter (not
shown) and a D/A converter (not shown) in front of and behind each of the CPUs 239A and 239B.

[0445] The other parts denoted by the same reference characters as those described above have the same or similar
functions, further descriptions of which are thus omitted. Here is used a simultaneous monitoring method in a system
corresponding to FIG. 5§7, but this invention is not limited to this example. It is alternatively possible to use a simultane-
ous monitoring method in a system comresponding to FIG. 53 or FIG. 55.

(D4) Description of a Fourth Modification of the Third Embodiment

[0446] FIG. 60 is a block diagram showing a structure of an optical transmission system to which a dispersion com-
pensation controlling apparatus according to a fourth modification of the third embodiment of this invention is applied.
This dispersion compensation controlling apparatus differs from the dispersion compensation controlling apparatus
according to the third embodiment in that parameter information inputted to a chromatic dispersion compensating unit
83 and a polarization-mode dispersion compensating unit 74 are optimized.

[0447] Namely, in the optical transmission system 271A shown in FIG. 60, an optical transmitter 72 as a transmitting
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terminal apparatus transmitting a transmission optical signal and an optical receiver 77 as a receiving terminal appara-
tus receiving the transmission optical signal are connected over an optical transmission line (transmission fiber) 73.
Here, the optical transmitter 72 and the optical transmitter 73 and the optical receiver 77 are similar to those described
above, further descriptions of which are thus omitted. In this modification, a term "dispersion” is used to mean both
"polarization-mode "dispersion” and "chromatic dispersion”.

[0448] A dispersion compensation controlling apparatus 245 is disposed on the receiving side. The dispersion com-
pensation controlling apparatus 245 comprises a photo receiver 78, band-pass filters 79A and 79B, intensity detectors
80A and 808, a parameter setting circuit 82 and a chromatic dispersion compensation quantity setting circuit 82B sim-
ilar to those of the dispersion compensation controlling apparatus 71 according to the third embodiment, along with
compensation quantity optimization controlling units 246a and 246b. The photo receiver 78, the band-pass filters 79A
and 798, the intensity detectors 80A and 80B, the parameter setting circuit 82 and the chromatic dispersion compen-
sation quantity setting circuit 82B have similar functions and structures to those according to the third embodiment, fur-
ther descriptions of which are thus omitted. Therefore, the detection form 1 is employed.

[0449] The compensation quantity optimization controlling units 246a and 246b automatically perform feedback con-
trols when polarization-mode dispersion and chromatic dispersion are compensated during system operation, in which
the control mode 2 is used. The compensation quantity optimization controlling units 246a and 246b superimpose pre-
determined low frequency signals set in advance on a parameter setting control signal and a chromatic dispersion com-
pensation quantity control signal outputted from the parameter setting circuit 82 and the chromatic dispersion
compensation quantity setting circuit 82B, respectively, and control parameter settings in the parameter setting circuit
82 and the chromatic dispersion quantity setting circuit 828 such that the above low frequency signal components
included in the intensity of the above first specific frequency component from a first intensity detecting unit (intensity
detectors 80A and 80B) becomes zero, thereby optimizing a polarization-mode dispersion compensation quantity and
a chromatic dispersion compensation quantity of the above transmission optical signal. The compensation quantity
optimization controlling units 246a and 246b comprises band-pass fitters 272a and 272b, phase comparing circuits
273a and 273b, low frequency oscillators 274a and 274b, and low frequency superimposing circuits 275a and 275b,
respectively. The band-pass filters 272a and 272b, the phase comparing circuits 273a and 273b, the low frequency
oscillators 274a and 274b and the low frequency superimposing circuits 275a and 275b are similar to the band-pass
filter 32, the phase comparing circuit 33, the low frequency oscillator 34 and the low frequency superimposing circuit 35
described in the fifth modification of the first embodiment, respectively, further descriptions of which are thus omitted.
[0450] The compensation optimization controlling units 246a and 246b minutely modulate a chromatic dispersion
compensation quantity to be given by the chromatic dispersion compensator 83 and a delay quantity At to be given by
the polarization-mode dispersion compnesator 74 with low frequency f,, (Hz) in order to automatically fix the intensity of
the first specific frequency component in a baseband spectrum of a transmission optical signal inputted to the receiving
side over the optical transmission line 73 to the maximum value. During system operation, the compensation optimiza-
tion controlling units 246a and 246b perform a tracking control to keep a chromatic dispersion compensation quantity
and a polarization-mode delay quantity At at optimum values at all times against a change with time of the optical trans-
mission line 73. As an example of this tracking control, a delay quantity At is minutely changed (dithered) in the vicinity
of the maximum point Aty to detect a new maximum point, thereby automatically determining it in the feedback control
when polarization-mode dispersion is compensated. In the feedback control when chromatic dispersion is compen-
sated, a chromatic dispersion compensation quantity is minutely changed in the vicinity of the maximum point to detect
a new maximum point, thereby automatically determining it. A method of the feedback control by the compensation
quantity optimization controlling units 246a and 246b is similar to that described above, further description of which is
thus omitted.

[0451] 1t is alternatively possible to employ the control mode 1 in lieu of the control mode 2. Although not shown, it is
possible to provide a polarization-mode dispersion detecting unit and a chromatic dispersion detecting unit for deter-
mining optimum values of parameter information showing a polarization-mode dispersion compensation quantity and a
chromatic dispersion compensation quantity before system operation, and switches for switching outputs of the inten-
sity detectors 80A and 808, respectively.

[0452]  With the above structure, in the optical transmission system 271A, an optical signal at a transmission rate B
(b/2) transmitted from the optical transmitter 72 is transmitted to the optical receiver 77 over the optical transmission line
73. In order to compensate chromatic dispersion and polarization-mode dispersion generated in the transmitted optical
signal, a part of the optical signat transmitted over the optical transmission line 73 is taken out by an optical splitting unit
75, and the optical signal taken out (monitor light) is sent to the dispersion compensation controlling apparatus 245. The
optical signal taken out by the optical splitting unit 75 is O/E-converted by the photo receiver 78, splitinto two, and input-
ted to the band-pass filters 79A and 79B. The first specific frequency component [B/2 (Hz) component] in a baseband
spectrum is detected by the band-pass fitter 79A, while the second specific frequency component [B (Hz) component]
in the baseband spectrum is detected by the band-pass fitler 79B (specific frequency components detecting step). Fol-
lowing that, intensities of the above first specffic frequency component and the second specific frequency component
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detected by the band-pass filters 79A and 79B, respectively, are detected by the intensity detectors 80A and 80B (inten-
sities detecting step).

[0453] Following that, a parameter setting in the parameter setting circuit 82 is such controlled by the compensation
quantity optimization controlling unit 246a that a low frequency signal component included in the intensity of the first
specific frequency component from the intensity detector 80A becomes zero, whereby a compensation quantity of
polarization-mode dispersion of the above transmission optical signal is optimized. A parameter setting control signal is
outputted to the polarization-mode dispersion compensator 74 disposed in the optical receiver 77 via the low frequency
superimposing circuit 275a in the compensation guantity optimization controlling unit 246a. When the polarization-
mode dispersion compensator 74 receives the parameter setting control signal, parameter information is set on the
basis of the control signal therein, whereby polarization-mode dispersion generated in an optical signal transmitted over
the optical transmission line 73 is compensated. Incidentally, the parameter setting circuit 82 detects a code of a signal
obtained as a result of phase comparison by the phase comparing circuit 273a, thereby determining whether a delay
quantity At is shifted to a negative or a positive direction, so that a parameter setting control signal for changing the
delay quantity At in such a direction that the f; component intensity modulation component in the B/2 (Hz) component
is generated and outputted. Further, the low frequency superimposing circuit 275a superimposes a low frequency sig-
nal (fp [Hz] signal) from the low frequency oscillator 274a on the parameter setting control signal from the parameter
setting circuit 82, and outputs it.

[0454] Similarly, the compensation quantity optimization controlling unit 246b controls a chromatic dispersion com-
pensation quantity in the chromatic dispersion compensation quantity setting circuit 82B such that a low frequency sig-
nal component inciuded in the intensity of the second specific frequency component from the intensity detector 808
becomes zero, thereby optimizing a chromatic dispersion compensation quantity of the above transmission optical sig-
nal.

{0455) The dispersion compensation controlling apparatus 245 according to the fourth modification of the third
embodiment of this invention detects intensities of the first specific frequency component and the second specific fre-
quency component in a baseband spectrum of a fransmission optical signal, detects a polarization-mode dispersion
quantity of the transmission optical signal from the intensity of the first specific frequency component by performing a
predetermined first functional operation, thereby easily detecting polarization-mode dispersion generated in the trans-
mission optical signal, while detecting a chromatic dispersion compensation quantity of the transmission optical signal
from the intensity of the second specific frequency component by performing a predetermined second functional oper-
ation, thereby easily detecting a chromatic dispersion quantity generated in the transmission optical signal.

[0456) As above, it is advantageous that a delay quantity At can be at all times kept at the optimum value against a
change with time of the optical transmission line 23 during system operation, and deterioration of the transmission
waveform of an optical signal can be prevented by detecting a polarization-mode dispersion quantity and a chromatic
dispersion quantity, setting parameter information generated in the transmission optical signal on the basis of the
detected quantities and compensating the polarization-mode dispersion and a chromatic dispersion quantity, which
largely contributes to a long-distance transmission of a high-speed optical signal. Further, with the compensation quan-
tity optimization controlling units 246a and 246b, it is possible to optimize compensation quantities of polarization-mode
dispersion and chromatic dispersion quantity of a transmission optical signal, and automatically perform a teedback
control when polarization-mode dispersion and chromatic dispersion are compensated.

(DS) Description of a Fifth Modification of the Third Embodiment

[0457] 1t is alternatively possible to extract a timing in the electric stage. FIG. 61 is a structure of an optical transmis-
sion system according to a fifth modification of the third embodiment of this invention. A dispersion compensation con-
trolling apparatus 70 on the receiving side shown in FIG. 61 comprises a timing extracting unit 84. Other parts denoted
by the same reference characters have the same or similar functions to those described above, further descriptions of
which are thus omitted. Further, in this modification, a term “dispersion” is used to mean both "polarization-mode dis-
persion” and "chromatic dispersion”, as well.

[0458] The timing extracting unit 84 extracts a timing of a received signal on the basis of a specific frequency compo-
nent detected by at least either band-pass filters 79A or 79B. On the basis of the specific frequency components
detected by these band-pass filters 79A and 79B, a timing of the received signal is extracted, and a clock signal taken
out is sent to an optical receiving unit 76 of an optical receiver 77. In the optical receiving unit 76 of the optical receiver
76, this clock signal is used for discrimination or the like.

[0459] With the above structure, frequency components of a received signal O/E-converted by a photo receiver 78
are detected by the band-pass filters 79A and 798. Since these frequency components are signals in synchronization
with a received waveform, a clock signal is taken out by the timing extracting unit 84, inputted to the optical receiver 76
to be used for timing discrimination or the like in the main signal system. An optical transmission system 70’ to which a
dispersion compensation controlling apparatus 71’ according to the fifth modification of the third embodiment is applied
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operates in a similar manner to the optical transmission system 70 to which the dispersion compensation controlling
apparatus 71 according to the above third embodiment is applied.

[0460] As above, according to the dispersion compensation controlling apparatus 71" according to the fifth modifica-
tion of the third embodiment of this invention, it is possible to attain similar advantages to the case of the fourth embod-
iment described above. In addition, it is possible to improve functions of the optical receiver 77 of the optical
transmission system 70’ by extracting a clock signal by the timing extracting unit 84.

(E) Description of a Fourth Embodiment of This Invention

[0461] According to the third embodiment, there are obtained two systems of frequency numeral values to be moni-
tored. However, it is alternatively possible to unify them into one system, simultaneously monitor both a chromatic dis-
persion value and a polarization-mode dispersion value of a transmission line, and simultaneously compensate
transmission optical waveform deterioration due to the both. Incidentally, a term "dispersion” is used to mean both
“polarization-mode dispersion” and “chromatic dispersion”, as well.

{0462) FIG. 62 is a block diagram of an optical transmission system according to a fourth embodiment of this inven-
tion. The optical transmission system 270 shown in FIG. 62 is an optical communication system with a transmission rate
B (b/s) (for example, 40 Gb/s, 10 Gb/s or the like) adopting time division multiplexing. The optical transmission system
270 differs from the optical transmission system 70 according to the third embodiment in that a band-pass filter dis-
posed at an output of a photo receiver 78 is of one system. Other parts are almost similar to those of the optical trans-
mission system 70 according to the third embodiment.

[0463] Namely, in the optical transmission system 270, an optical transmitter 72 as a transmitting terminal apparatus
transmitting a transmission optical signal and an optica! receiver 77 as a receiving terminal apparatus receiving the
transmission optical signal are connected over an optical transmission line (transmission fiber) 73, and a dispersion
compensation controlling apparatus 271 is disposed on the receiving side. The optical transmitter 72 and the optica!
transmission line 73 are similar to those described above, further descriptions of which are thus omitted.

[0464]  The optical receiver 77 comprises a chromatic dispersion compensator 83, a polarization-mode dispersion
compensator 74, an optical splitting unit 75 and an optical receiving unit 75. Similarly to the above third embodiment,
both of the chromatic dispersion compensator 83 and the polarization-mode dispersion compensator 74 are of variable
type. A chromatic dispersion compensation quantity and a polarization-mode dispersion compensation quantity can be
at all times optimum-value-controlled in the control mode 2 during system operation. Incidentally, the optical splitting
unit 75 and the optical receiving unit 75 are similar to those described above.

[0465] - The dispersion compensation controlling apparatus 271 monitors a state of polarization-mode dispersion and
a state of chromatic dispersion generated in an optical signa! transmitted over the optical transmission line 73 on the
basis of an optical signal taken out by the optical splitting unit 75 in the optical receiver 77, and controls the polarization-
mode dispersion compensator 74 and the chromatic dispersion compensator 83 according to results of the monitoring.
The dispersion compensation controlling apparatus 271 comprises a photo receiver 78, a band-pass filter (fe BPF) 79,
an intensity detector 80, a polarization-mode dispersion quantity-chromatic dispersion quantity detecting unit 81C, a
chromatic dispersion compensation quantity setting circuit 828 and a parameter setting circuit 82. The photo receiver
78, the band-pass filter 79 and the intensity detector 80 are similar to those described in the third embodiment.

[0466] The polarization-mode dispersion quantity-chromatic dispersion quantity detecting unit 81C detects the above
polarization-mode dispersion quantity and the chromatic dispersion quantity on the basis of a frequency of the first spe-
cific frequency component detected by the intensity detector 80. Incidentally, the first specific frequency component is
appropriately set according to a transmission rate or a signal waveform of an optical signal. With respect to this fre-
quency, when above transmission optical signal is an RZ optical signal or an optical time division multiplex signal, a first
specific frequency component detecting unit (polarization-mode dispersion quantity-chromatic dispersion quantity
detecting unit 81C) detects a frequency corresponding to the bit rate or 1/2 of the bit rate as the first specific frequency
component. When the above transmission optical signal is an NRZ signal, the first specific frequency component
detecting unit (polarization-mode dispersion quantity-chromatic dispersion quantity detecting unit 81C) detects a fre-
quency corresponding to 1/2 of the bit rate as the first specific frequency component.

[0467] The chromatic dispersion compensation quantity setting circuit 828 feedback-controls the chromatic disper-
sion compensator 83 disposed in the optical transmission line 73 such that the intensity of the first specific frequency
component detected by the polarization-mode dispersion quantity-chromatic dispersion quantity detecting unit 81C
becomes the maximum or the minimum. The polarization-mode dispersion quantity-chromatic dispersion quantity
detecting unit 81C and the chromatic dispersion compensation quantity setting circuit 82B function as a chromatic dis-
persion controlling unit 241a.

[0468] Namely, the chromatic dispersion controlling unit 24 1a feedback-controls the chromatic dispersion comensator
83 disposed in the optical transmission fine 73 such that the intensity of the first specific frequency component detected
by the intensity detector 80 becomes the maximum or the minimum, in other words, the control mode 2 is employed.
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(0469) The parameter setting circuit 82 outputs a parameter setting control signal having parameter information as a
control quantity for compensating polarization-mode dispersion of the transmission optical signal on the basis of a
polarization-mode dispersion quantity detected by the polarization-mode dispersion quantity-chromatic dispersion
quantity detecting unit 81C to the polarization-mode dispersion compensator 74 in the optical receiver 77. The polari-
zation-mode dispersion quantity-chromatic dispersion quantity detecting unit 81C and the parameter setting circuit 82
function as the polarization-mode dispersion controlling unit 241b.

[0470] Fromthe above, the dispersion compensation controlling apparatus 271 is configured with the first specific fre-
quency detecting unit (band-pass filter 79) detecting the first specific frequency component in a baseband spectrum in
a transmission optical signal inputted to the receiving side over a transmission fber as a transmission line, a first inten-
sity detecting unit (intensity detector 80) detecting information on an intensity of the above first specific frequency com-
ponent detected by the first specific frequency component detecting unit (band-pass fitter 79), a polarization-mode
dispersion controlling unit (polarization-mode dispersion quantity-chromatic dispersion quantity detecting unit 81C and
parameter setting circuit 82) controlling a polarization-mode dispersion quantity of the transmission line (optical trans-
mission line 73) such that the intensity of the first specific frequency component detected by the first intensity detecting
unit (intensity detector 80) becomes the maximum, and a chromatic dispersion controlling unit (polarization-mode dis-
persion quantity-chromatic dispersion quantity detecting unit 81C and chromatic dispersion compensation quantity set-
ting circuit 82B) controlling a chromatic dispersion quantity of the transmission line (optical transmission line 73) such
that the intensity of the first specific frequency component detected by the first intensity detecting unit (intensity detector
80) becomes the maximum.

[0471] Aflow of a signal in the dispersion compensation controlling apparatus 271 according to the fourth embodi-
ment shown in FIG. 62 is as follows.

[0472] An optical signal taken out by the optical splitting unit 75 is first received by the photo receiver 78, O/E-con-
verted into an electric signal, inputted to the band-pass filter 79, the first specific frequency component [fe (Hz) compo-
nent] in a baseband spectrum in the transmission optical signal is detected by the band-pass fitter 79, and an intensity
of the above first specific frequency component detected by the band-pass filter 79 is detected by the intensity detector
80.

[0473] A polarization-mode dispersion quantity and a chromatic dispersion quantity of the above transmission optical
signal are detected by the polarization-mode dispersion quantity-chromatic dispersion quantity detecting unit 81C such
that the intensity of the first specific frequency component detected by the intensity detector 80 becomes the maximum,
a parameter setting control signal for setting such parameter information (delay quantity At and optical intensity splitting
ratio y) as to cancel the polarization-mode dispersion quantity detected by the polarization-mode dispersion quantity-
chromatic dispersion quantity detecting unit 81C is outputted from the parameter setting circuit 82 to the polarization-
mode dispersion compensator 74 disposed in the optical receiver 77 in order to compensate polarization-mode disper-
sion of the transmission optical signal, and a control signal for setting a chromatic dispersion control quantity is output-
ted from the chromatic dispersion compensation quantity setting circuit 828 to the chromatic dispersion compensator
83 disposed in the optical transmission line 73 on the basis of the above chromatic dispersion quantity detected by the
polarization-mode dispersion quantity-chromatic dispersion quantity detecting unit 81C in order to compensate chro-
matic dispersion of the above transmission optical signal. In the case of the 40 Gb/s NRZ system, for example, the
favp = 40 GHz intensity is such controlled as to be the minimum while the f ., = 20 GHz intensity is such controlled
as to be the maximum.

[0474) When the polarization-mode dispersion compensator 74 receives the parameter setting control signal, param-
eter information is set on the basis of the control signal therein, whereby polarization-mode dispersion generated in an
optical signal transmitted over the optical transmission line 73 is compensated. When the chromatic dispersion com-
pensator 83 receives the control signal, chromatic dispersion generated in the optical signal transmitted over the optical
transmission line 73 is compensated on the basis of the control signal.

[0475] As above, the intensity can be controlled to be the maximum or the minimum, and the controls can be per-
formed simultaneously and independently.

[0476] Meanwhile, a method of controlling the chromatic dispersion compensator 83 and the polarization-mode dis-
persion compensator 74 may be in the control mode 1, in which the monitor values can be controlled 1o be absolute
values. Namely, the chromatic dispersion controlling unit 241a may set a chromatic dispersion control quantity in the
chromatic dispersion compensator 83 disposed in the optical transmission line 73 such that the intensity of the first spe-
cific frequency component detected by the first intensity detecting unit (intensity detector 80) becomes the maximum or
the minimum. In such case, the polarization-mode dispersion quantity-chromatic dispersion quantity detecting unit 81C
detects a chromatic dispersion quantity of the above transmission optical signal from the intensity of the above first spe-
cific frequency component detected by the first intensity detecting unit (intensity detector 80) by performing a predeter-
mined operation with a predetermined second function, detects a polarization-mode dispersion quantity of the above
transmission optical signal from the intensity of the first specific frequency component detected by the intensity detector
80 by performing a predetermined first functional operation, the chromatic dispersion compensation quantity setting cir-
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cuit 828 sets a chromatic dispersion control quantity in the chromatic dispersion compensator 83 on the basis of the
above chromatic dispersion quantity detected by the chromatic dispersion quantity detecting unit (polarization-mode
dispersion quantity-chromatic dispersion quantity detecting unit 81C) in order to compensate chromatic dispersion in
the above transmission optical signal.

[0477) The dispersion compensation controlling apparatus 271 may output information on the intensity of the above
first specific frequency component detected by the intensity detector 80 shown in FIG. 62 as a monitor signal.

[0478] When a chromatic dispersion quantity and a polarization-mode dispersion quantity are set to the optimum val-
ues only at the time of start of system operation, the compensators are not necessarily "variable". For example, it is pos-
sible to insert a "fixed" dispersion compensator such as a dispersion compensating fiber, a dispersion compensator of
a fiber grating type, or the like.

[0479] As a method of switching the controls in the case where a chromatic dispersion compensation quantity and a
polarization-mode dispersion compensation quantity are controlled to be the optimum values at all times during system
operation, a method in which the above controls are performed in parallel with respect to time, that is, a method in which
the above polarization-mode dispersion controlling step and the chromatic dispersion controlling step are performed
independently, may be employed. Or a method in which the controls are performed in time series in order to prevent
them from being overlapped with respect to time, that is, a method in which the above polarization-mode dispersion
controlling step and the chromatic dispersion controlling step are executed in time series, may be employed.

[0480] Further, the polarization-mode dispersion compensator and the chromatic dispersion compensator are con-
trolled by CPUs 239A and 239B. However, this embodiment is not limited to the above example. A control method by
an analog circuit using synchronous detection or the like may be employed. It is also possible to insert an A/D converter
(not shown) and a D/A converter (not shown) in front of and behind each of the CPUs 239A and 230B.

[0481] The optical transmission system 270 to which the dispersion compensation controlling apparatus 271 accord-
ing to the fourth embodiment with the above structure operates in a similar manner to the optical transmission system
70 to which the dispersion compensation controlling apparatus 71 according to the above third embodiment described
above. Namely, this dispersion compensation controlling step comprises a step of detecting the first specific frequency
component in a baseband spectrum in a transmission optical signal inputted to the receiving side over a transmission
fiber as a transmission line (first specific frequency component detecting step), a step of detecting information on an
intensity of the first specific frequency component detected at the first specific frequency detecting step (first intensity
detecting step), a step of controlling a polarization-mode dispersion quantity of the optical transmission line 73 such that
the intensity of the first specific frequency component detected at the first intensity detecting step becomes the maxi-
mum (polarization-mode dispersion controlling step), and a step of controlling a chromatic dispersion quantity of the
optical transmission line 73 such that the intensity of the first specific frequency component detected at the first intensity
detecting step becomes the maximum or the minimum (chromatic dispersion controlling step).

[0482] As above, according to the dispersion compensation controlling apparatus 271 of the fourth embodiment of
this invention, it is possible to attain the similar advantages to the case of the third embodiment described above.

(E1) Description of a First Modification of the Fourth Embodiment

[0483] In the fourth embodiment, either one or both of the two different frequency components extracted in the electric
stage may be used to extract a timing for the main signal system. FIG. 63 is a block diagram of an optical transmission
system according to a first modification of the fourth embodiment of this invention. A dispersion compensation control-
ling apparatus 70A shown in FIG. 63 is of a structure in the case where a timing extracting unit 84 is provided. A signal
from the timing extracting unit 84 is inputted to an optical receiving unit 6 to time the main signal system.

[0484] The optical transmission system 70A shown in FIG. 63 is an optical communication system with a transmission
rate B (b/s) (for example, 40 Gb/s, 10 Gb/s, or the like) adopting time division multiplexing. The optical transmission sys-
tem 70A differs from the optical transmission system 270 according to the fourth embodiment in that the timing extract-
ing unit 84 is provided, but the other parts are similar to those of the optical transmission system 270 according to the
fourth embodiment. In this modification, a term "dispersion” is used to mean both "polarization-mode dispersion” and
"chromatic dispersion”.

[0485] Namely, a dispersion compensation controlling apparatus 70A monitors a state of polarization-mode disper-
sion and a state of chromatic dispersion generated in an optical signal transmitted over an optical transmission line 73
on the basis of an optical signal taken out by an optical splitting unit 75, and controls a polarization-mode dispersion
compensator 74 and a chromatic dispersion compensator 83. The dispersion compensation controlling apparatus 71A
comprises, as shown in FIG. 62, a photo receiver 78, a band-pass fitter (fe BPF) 79, an intensity detector 80, a polari-
zation-mode dispersion quantity-chromatic dispersion Quantity detecting unit 81C, a parameter setting circuit 82, a
chromatic dispersion compensation quantity setting circuit 828 and the timing extracting unit 84.

[0486] The photo receiver 78, the intensity detector 80, the parameter sefting circuit 82 and the chromatic dispersion
compensation quantity setting circuit 82B have similar functions and structures to those described above in the fourth
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embodiment. The detection form 1 is employed.

[0487] The band-pass fiiter 79 detects the first specific frequency component [fe (Hz) component] in a baseband
spectrum of a transmission optical signal inputted to the receiving side over the optical transmission line 73. Incidentally,
the first specific frequency component is appropriately set according to a transmission rate or a signal waveform of an
optical signal. In the optical transmission system 70A shown in FIG. 63, a frequency of the first specific frequency com-
ponent used when the above polarization-mode dispersion quantity and the chromatic dispersion quantity are detected
by the polarization-mode dispersion quantity-chromatic dispersion quantity detecting unit 81C is set to a frequency cor-
responding to the bit rate. Further, the polarization-mode dispersion

[0488] quantity-chromatic dispersion quantity detecting unit 81C has a function as the polarization-mode dispersion
quantity detecting unit 81 and the chromatic dispersion quantity detecting unit 81B according to the fourth embodiment
described above.

[0489] Namely, the dispersion compensation controlling apparatus 71A is configured with a chromatic dispersion
quantity detecting unit detecting a chromatic dispersion quantity of a transmission optical signal from an intensity of the
above first specific frequency component detected by the intensity detector 80 by performing the predetermined second
functional operation described above, and a chromatic dispersion compensation quantity setting circuit 82B setting a
chromatic dispersion control quantity in the chromatic dispersion compensator 83 disposed in the optical transmission
line 73 on the basis of the chromatic dispersion quantity detected by the chromatic dispersion quantity detecting unit in
order to compensate chromatic dispersion of the transmission optical signal.

[0490] Meanwhile, a method of controlling the chromatic dispersion compensator 83 and the polarization-mode dis-
persion compensator 74 may be in the control mode 1. It is possible to insert an A/D converter (not shown) and a D/A
converter (not shown) in front of and behind a CPU, thereby using a control method by an analog circuit using synchro-
nous detection or the like. When a chromatic dispersion compensation quantity and a polarization-mode dispersion
compensation quantity are set to the optimum values only at the time of start of system operation, the compensators
are not necessarily "variable™. For example, a "fixed" dispersion compensator such as a dispersion compensating fiber,
a dispersion compensator of a fiber grating type or the like may be inserted. As a method of switching the controls in
the case where a chromatic dispersion compensation quantity and a polarization-mode dispersion compenation quan-
tity are controlied to be the optimum values at all times during system operation, a method in which the above controls
are executed independently and in parallel with respect to time, that is, the above polarization-mode dispersion control-
ling step and the chromatic dispersion controlling step are executed independently, may be employed. Or, a method in
which the controls are executed in time series in order to prevent them from being overlapped, that is, a method in which
the above polarization-mode dispersion controliing step and the chromatic dispersion controlling steps are executed in
time series, may be employed.

[0491] The timing extracting unit 84 extracts a timing of a received signal on the basis of the specific frequency com-
ponent detected by the band-pass filter 79. As the timing extracting unit 84, PLL or the like is used. A timing of a
received signal is extracted on the basis of the specific frequency component detected by the band-pass filter 79, and
the clock signal taken out is sent to an optical receiving unit 76 of the optical receiver 77. In the optical receiving unit 76
of the optical receiver 76, this clock signal is used for discrimination or the like.

[0492] Namely, since the te (Hz) component is a signal in synchronization with a received waveform, a clock signal
can be taken out by the timing extracting unit 84, and used for discrimination in the optical receiver 76.

[0493] With the above structure, the optical ransmission system 70A to which the dispersion compensation control-
ling apparatus 71A according to the first modification of the fourth embodiment operates in almost a similar manner to
the optical transmission system 270 to which the dispersion compensation controlling apparatus 271 according to the
fourth embodiment described above is applied.

[0494] As above, according to the dispersion compensation controlling apparatus 71A according to the first modifica-
tion of the fourth embodiment of this invention, it is possible to attain the similar advantages to the fourth embodiment
described above. 1t is also possible to improve functions of the optical receiver 77 of the optical transmission system
70A by extracting a clock signal by the timing extracting unit 84.

(E2) Description of a Second Modification of the Fourth Embodiment

[0495] FIG. 64 is a block diagram of an optical transmission system according to a second modification of the fourth
embodiment of this invention, which differs in that the band-pass filer is in one system. Namely, unlike the dispersion
compensation controlling apparatus 245 in FIG. 60 corresponding to the fourth modification of the third embodiment,
an output of the photo receiver 78 is outputted only to the band-pass fitter [fe BPF] 79.

[0496] Namely, the optical transmission system 271B shown in FIG. 64 comprises an optical transmitter 72, an optical
receiver 77 and an optical transmission line (transmission fiber) 73 along with a dispersion compensation controlling
apparatus 247. The dispersion compensation controlling apparatus 247 comprises a photo receiver 78, a band-pass
filter [fe BPF] 79, an intensity detector 80, a parameter setting circuit 82, a chromatic dispersion compensation quantity
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setting circuit 82B and compensation quantity optimization controlling units 246a and 246b. The photo receiver 78, the
band-pass filter 79, the intensity detector 80, the parameter setting circuit 82, the chromatic dispersion compensation
quantity setting circuit 82B, the parameter setting circuit 82, the chromatic dispersion compensation quantity setting cir-
cuit 82B and the compensation quantity optimization controlling units 246a and 246b have similar functions and struc-
tures to those described above, further descriptions of which are thus omitted. The compensation quantity optimization
controlling units 246a and 246b comprise band-pass filters 272a and 272b, phase comparing circuits 273a and 273b.
low frequency oscillators 274a and 274b and low frequency superimposing circuits 275a and 275b, respectively. The
band-pass filters 272a and 272b, the phase comparing circuits 273a and 273b, the iow frequency oscillators 274a and
274b, and the low frequency superimposing circuits 275a and 275b are similar to those described above, further
descriptions of which are thus omitted.

[0497]  In this modification, a term "dispersion” is used to mean both "polarization-mode dispersion™ and “chromatic
dispersion”, as well.

[0498]  As not shown, the optical transmission system 2718 may further comprise a polarization-mode dispersion
quantity detecting unit and a chromatic dispersion detecting unit for determining optimum values of parameter informa-
tion showing a polarization-mode dispersion compensation quantity and a chromatic dispersion compensation quantity
before system operation, and a switch for switching an output of the intensity detector 80.

[0499] Itis also possible to use a control method by an analog circuit using synchronous detection by inserting an AD
converter (not shown) and a D/A converter (not shown) in front of and behind a CPU. When a chromatic dispersion
compensation quantity and a polarization-mode dispersion compensation quantity are set to the optimum values only
at the time of start of system operation, the compensators are not necessarily "variable™. For example, a “fixed" disper-
sion compensator such as a dispersion compensating fiber, a dispersion compensator of a fiber grating type or the like
may be inserted.

[0500] Although this control method uses the control mode 2, the control mode 1 may be used. As a method of switch-
ing the controls in the case where a chromatic dispersion compensation quantity and a polarization-mode dispersion
compensation quantity are controlled to be the optimum values at all times during system operation, a method in which
the above controls are executed in parallel with respect to time, that is, a method in which the above polarization-mode
dispersion controlling step and the chromatic dispersion controlling step are executed independently, may be employed.
Or, a method in which the controls are executed in time series in order to prevent them from being overlapped with
respect to time, that is, a method in which the above polarization-mode dispersion controlling step and the chromatic
dispersion controlling step are executed in time series, may be employed.

[0501] In the optical transmission system 271B with the above structure, an optical signal at a transmission rate B
(b/s) fransmitted from the optical transmitter 72 is transmitted to the optical receiver 77 over the optical transmission fine
73. In order to compensate chromatic dispersion and polarization-mode dispersion generated in a transmitted optical
signal, a part of the optical signal transmitted over the optical transmission line 73 is taken out by an optical splitting unit
75, and the optical signal taken out (monitor light) is sent to the dispersion compensation controlling apparatus 247. The
optical signal taken out by the optical splitting unit 75 is O/E-converted by the photo receiver 78, and inputted to the
band-pass filter 79. In the band-pass fitter 79, the first specific frequency component [fe (Hz) component] in the base-
band spectrum is detected (specific frequency component detecting step). Following that, an intensity of the above first
specific frequency component detected by the band-pass filter 79 is detected by the intensity detector 80 (intensity
detecting step).

[0502] Thereafter, in the compensation quantity optimization controlling unit 246a, parameter setting in the parameter
setting circuit 82 is such controlled that a low frequency signal component included in the intensity of the first specific
frequency component from the intensity detector 80 becomes zero, whereby a compensation quantity of polarization-
mode dispersion of the above transmission optical signal is optimized. A parameter setting controt signal is outputted
to the polarization-mode dispersion compensator 74 disposed in the optical receiver 77 via the low frequency superim-
posing circuit 275a of the compensation quantity optimization controlling unit 246a. When the polarization-mode disper-
sion compensator 74 receives the parameter setting signal, parameter information is set therein on the basis of the
control signal, whereby polarization-mode dispersion generated in an optical signal transmitted over the optical trans-
mission path 73 is compensated. The parameter setting circuit 82 detects a code of a signal obtained as a resutt of
phase comparison by the phase comparing circuit 273a to determine whether a delay quantity At is shifted to the pos-
itive or negative direction, so that a parameter setting control signal for changing the delay quantity At in such a direc-
tion that the fo (Hz) intensity modulation component in the B/2 (Hz) component is cancelled is generated, and outputted.
The low frequency superimposing circuit 275a superimposes a low frequency signal (f, (Hz) signal) from the low fre-
quency oscillator 274a on the parameter setting control signal from the parameter setting circuit 82, and output it.
[0503)  Similarly, the compensation quantity optimization controlling unit 246b controls a chromatic dispersion com-
pensation quantity in the chromatic dispersion compensation quantity setting circuit 828 such that a low frequency sig-
nal component included in the intensity of the first specific frequency component from the intensity detector 80
becomes zero, as well, whereby a chromatic dispersion compensation quantity of the above transmission optical signal
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is optimized.

[0504] According to the dispersion compensation controlling apparatus 247 of the second modiication of the fourth
embodiment of this invention, it is possible to detect an intensity of the first specific frequency component in a baseband
spectrum of a transmission optical signal and detect a polarization-mode dispersion quantity of the transmission optical
signal from the detected intensity of the first specific frequency by performing a predetermined first functional operation,
thereby easily detecting polarization-mode dispersion generated in the transmission optical signal.

[0505] As above, it is possible to keep a delay quantity At at the optimum value against a change with time of the
optical transmission line 73 during system operation. It is also possible to prevent deterioration of a transmission wave-
form of an optical signal by detecting a polarization-mode dispersion quantity and a chromatic dispersion quantity, set-
ting parameter information generated in a transmission optical signal on the basis of the detected quantities to
compensate polarization-mode dispersion and chromatic dispersion. These advantageously contribute to long-distance
transmission of a high-speed optical signal. With the compensation quantity optimization controlling units 246a and
246D, it is possible to optimize compensation quantities of polarization-mode dispersion and chromatic dispersion, and
automatically perform a feedback control when polarization-mode dispersion and chromatic dispersion are compen-
sated.

(F) Others

[0506] In the controlling methods according to the third embodiment, the modifications of the third embodiment, the
fourth modification and the modifications of the fourth embodiment, polarization-mode dispersion and chromatic disper-
sion are both controlled in the same control mode 2 or the control mode 1. However, it is alternatively possible to mix
them and perform the control. Namely, the polarization-mode dispersion control may be performed in the control mode
1, while the chromatic dispersion control may be performed in the control mode 2. Conversely, the polarization-mode
dispersion control may be performed in the control mode 2, while the chromatic dispersion control may be performed in
the control mode 1. The control method performed at the time of the compensation optimizing control may be performed
in the control mode 1. Further, in the third embodiment and the modifications thereof, and the fourth embodiment and
the modifications thereof, a position of the chromatic dispersion compensator 83 and a position of the polarization-
mode dispersion compensator 74 are exchangeabie.

[0507] Siill further, in the polarization-mode dispersion control in the second embodiment, the control on y and At
and the control on a« p and At, may be performed in a mixture of the two kinds of the control modes, as well. In order
to find a predetermined control value, it is possible to combine the control mode 1 and the control mode 2. First, a value
in the vicinity of a predetermined control value may be roughly obtained in the control mode 1, after that, an extreme
value may be searched in the vicinity thereot in the control mode 2. These are shown in (1) and (2) below.

(1) Control on y and Az,

[0508] In the first embodiment, an optical intensity split light y can be controlled on only the receiving side. A structure
being capable of such control is shown in FIGS. 19, 21 and 27 through 30. In these structures, control values for y and
At are obtained in the control mode 1. However, it is alternatively possible to obtain control values for yin the control
mode 2 and At in the control mode 2, or control values for y in the control mode 2 and Az, in the control mode 1, or
control vatues for both y and A, in the control mode 2. Still alternatively, a control mode in which a value in the vicinity
of a predetermined cortrol value is roughly obtained in the control mode 1, an extreme value is then searched in the
vicinity thereof in the control mode 2 is possible.

(2) Control on a, p and Az,

(0509] Similarly, in the control in the second embodiment, control values for a, p and At, are obtained in the control
mode 2. However, it is possible to obtain a and B still in the control mode 2, while At in the control mode 1. tt is alter-
natively possible to employ such a control mode that a value in the vicinity of a predetermined control value is roughly
obtained in the control mode 1, after that, an extreme value is searched in the vicinity thereof in the control mode 2.
[0510) As detection frequency values in each of the embodiments and modifications, fe = B (Hz) is used for an RZ
signal and an OTDM signal, while fe = B/2 (Hz) for an NRZ signal. As these frequency values, it is possible to set
another frequency so long as a component in a baseband spectrum in a transmission optical signal is stably obtained
with resepct to time as the first specific frequency component in a baseband spectrum in a transmission optical signal
extracted by the band-pass fitter.

[0511] Further, when the specific frequency is set to a frequency corresponding to 1/2 of the bit rate, the transmission
optical signal in each of the embodiments and modiications described above may be applied any modulation system
including an NRZ signal, an RZ optical signal, optical time division multiplex signal.
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[0512] As the delay quantity compensator described in the first embodiment, a delay quantity compensator 4A’ shown
in FIG. 65 may be used, other than one shown in FIG. 5. The delay quantity compensator 4A' is a delay quantity com-
pensator whose delay quantity is variable. As shown in FIG. 65, the delay quantity compensator 4A’ comprises a polar-
ization controller 4A-2, polarization beam splitters (PBS: Polarization Beam Splitter) 4A-5 and 4A-6 and a variable
optical delay 4A-7.

[0513] The polarization controller 4A-2 such controls that polarization-mode primary axis component of two transmis-
sion paths are TE and TM polarized waves, which comprises a 1/4 wave plate (M4 plate) 4A-21, a 1/2 wave plate (A2
plate) 4A-22 and actuators 4A-23 and 4A-24. The polarization beam splitter 4A-5 splits an optical signal inputted via the
polarization controller 4A-2 into two. The variable optical delay 4A-7 variably gives a delay difference to one of the opti-
cal components split by the polarization beam splitter 4A-5. The polarization beam splitter 4A-6 multiplexes an optical
component from the polarization beam splitter 4A-5 and an optical component from the polarization beam splitter 4A-7.
[0514] The actuators 4A-23 and 4A-24 configuring the polarization controller 41-2, and the variable optical delay 4A-
7 receive parameter setting control signals from the parameter setting circuit 15. The optimal contro! as the delay quan-
tity compensator 4A'is performed on a polarization direction in the polarization controiler 4A-2 and a delay difference
to be given by the variable optical delay 4A-7.

[0515] In each of the embodiments described above, the polarization-mode dispersion compensator or the chromatic
dispersion compensator is disposed in the optical transmitter or the optical receiver. However, this invention is not lim-
ited to the above examples, but they may be disposed in a repeating apparatus repeating a transmission optical signal.
In such case, the parameter setting circuit or the chromatic dispersion compensation quantity setting circuit outputs
each control signal to the polarization-mode dispersion compensator or the chromatic dispersion compensator dis-
posed in the above repeating apparatus.

INDUSTRIAL APPLICABILITY

[0516] As having been fully described, the polarization-mode dispersion quantity detecting method of this invention
has an advantage that an intensity of a specific frequency component in a baseband spectrum in a transmission optical
signal is detected, and a polarization-mode dispersion quantity of the transmission optical signal is detected from the
detected intensity of the specific frequency component by performing a predetermined functional operation or in a max-
imum value control, thereby easily detecting polarization-mode dispersion generated in the transmission optical signal.
{0517) According to this invention, a polarization-mode dispersion quantity is detected and polarization-mode disper-
sion generated in a transmission optical signal is compensated on the basis of the detected polarization-mode disper-
sion quantity, whereby deterioration of a transmission waveform of an optical signal is prevented. This contributes to
realization of long-distance transmission of a high-speed optical signal.

[0518] According to this invention, a polarization-mode dispersion quantity is detected, polarization-mode dispersion
generated in a transmission optical signal is compensated on the basis of the detected polarization-mode dispersion
quantity, a chromatic dispersion quantity is also detected, and chromatic dispersion generated in the transmission opti-
cal signal is compensated on the basis of the detected chromatic dispersion quantity, whereby deterioration of a trans-
mission waveform of an optical signal due to polarization-mode dispersion and chromatic dispersion is prevented. This
contributes to realization of long-distance transmission of a high-speed optical signal.

Claims
1. Apolarization-mode dispersion quantity detecting method comprising the steps of:

a specific frequency component detecting step of detecting a specific frequency component in a baseband
spectrum in a transmission optical signal inputted over a transmission optical fiber;

an intensity detecting step of detecting an intensity of said specific frequency component detected at said spe-
cific frequency component detecting step; and

a dispersion quantity detecting step of detecting a polarization-mode dispersion quantity of said transmission
opftical signal from information on the intensity of said specitic frequency component detected at said intensity
detecting step by performing a predetermined functional operation.

2. The polarization-mode dispersion quantity detecting method according to claim 1, wherein said predetermined
functional operation is performed at said dispersion quantity detecting step using a function which is a function rep-
resenting an intensity of a frequency component in a baseband spectrum in an optical waveform forming an arbi-
trary transmission optical signal and in which said frequency information and parameters showing a polarization-
mode dispersion quantity are variables. '
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The polarization-mode dispersion quantity detecting method according to claim 1, wherein said specific frequency
at which the component is detected at said specific frequency component detecting step is set to a frequency at
which a component in a baseband spectrum in said transmission optical signal can be stably obtained with respect
to time.

The polarization-mode dispersion quantity detecting method according to claim 3, wherein when said transmission
optical signal is an RZ optical signal or an optical time division multiplex signal, said specific frequency at which the
component is detected at said specific frequency component detecting step is set to a frequency corresponding to
a bit rate.

The polarization-mode dispersion compensating method according to claim 3, wherein when said transmission
optical signal is in any optical modulation system, said specific frequency at which the component is detected at
said specific frequency component detecting step is set to a frequency corresponding to 1/2 of a bit rate.

A dispersion compensation controlling apparatus comprising:

a first specific frequency component detecting unit (2a; 12) for detecting a first specific frequency component
in a baseband spectrum in a transmission optical signal inputted to a receiving side over a transmission fiber
as a transmission line (6a; 3);

a first intensity detecting unit (3a; 13) for detecting information on an intensity of said first specific frequency
component detected by said first specific frequency component detecting unit (2a; 12); and

a polarization-mode dispersion controlling unit (220a; 90) for controlling a polarization-mode dispersion quan-
tity of said transmission line (6a; 3) such that the intensity of said first specific frequency component detected
by said first intensity detecting unit (3a; 13) becomes the maximum.

The dispersion compensation controlling apparatus according to claim 6, wherein when said transmission optical
signal is an RZ signal or an optical time division multiplex signal, said first specific frequency component detecting
unit (2a; 12) detects a frequency corresponding to a bit rate as said first specific frequency component.

The dispersion compensation controlling apparatus according to claim 6, wherein when said transmission optical
signal is in any optical modulation system, said first specific frequency component detecting unit (2a; 12) detects a
frequency comresponding to 1/2 of a bit rate as said first specific frequency component.

A dispersion compensation controlling apparatus comprising:

afirst specific frequency component detecting unit (2a; 79A) for detecting a first specific frequency component
in a baseband spectrum in a transmission optical signal inputted to a receiving side over a transmission fiber
as a transmission line (6a; 73);

a first intensity detecting unit (3a; 80A) for detecting information on an intensity of said first specific frequency
component detected by said first specific frequency component detecting unit (2a; 79A);

a polarization-mode dispersion controlling unit (220a; 91) for controiling a polarization-mode dispersion quan-
tity of said transmission line (6a; 73) such that the intensity of said first specific frequency component detected
by said first intensity detecting unit (3a; 80A) becomes the maximum;

a second specific frequency component detecting unit (222a; 798) for detecting a second specific frequency
component in the baseband spectrum in said transmission optical signal;

a second intensity detecting unit (223a; 80B) for detecting information on the intensity of said second specific
frequency component detected by said second specific frequency component detecting unit (222a; 798B); and
a chromatic dispersion controlling unit (224a; 240) for controlling a chromatic dispersion quantity of said trans-
mission line (6a; 73) such that the intensity of said second specitic frequency component detected by said sec-
ond specific frequency intensity detecting unit (223a; 80B) becomes the maximum or the minimum.

10. The dispersion compensation controlling apparatus according to claim 9, wherein when said transmission optical

signal is an NRZ optical signal, said first specific frequency component detecting unit (2a; 79A) detects a frequency
corresponding to 1/2 of a bit rate as said first specific frequency component; and

said second specific frequency component detecting unit (222a; 79B) detects a frequency comresponding to
the bit rate as said second specific frequency.

63




1.

15 12,

20

13.

25
14.
30
35
40
15.
45
50
55

BNSDOCID: <EP

EP 0 964 237 A1
A dispersion compensation controlling apparatus comprising:

a first specific frequency component detecting unit (2a; 79) for detecting a first specific frequency component
in a baseband spectrum in a transmission optical signal inputted to a receiving side over a transmission fiber
as a transmission line (6a; 73);

a first intensity detecting unit (80) for detecting information on an intensity of said first specific frequency com-
ponent detected by said first specific frequency component detecting unit (2a; 79):

a polarization-mode dispersion controliing unit (220a; 241b) for controlling a polarization-mode dispersion
quantity of said transmission line (6a; 73) such that the intensity of said first specific frequency component
detected by said first intensity detecting unit (3a; 80) becomes the maximum; and

a chromatic dispersion controlling unit (224a; 241a) for controlling a chromatic dispersion quantity of said
transmission line (6a; 73) such that the intensity of said first specific frequency component detected by said
first intensity detecting unit becomes the maximum or the minimum.

The dispersion compensation controlling apparatus according to claim 11, wherein when said transmission optical
signal is an RZ optical signal or an optical time division multiplex signal, said first specific frequency component
detecting unit (2a; 79) detects a frequency corresponding to a bit rate or 1/2 of the bit rate as said first specific fre-
quency component, and when said transmission optical signal is an NRZ optical signal, said first specific frequency
component detecting unit (2a; 79) detects a frequency corresponding to 1/2 of the bit rate as said first specific fre-
quency component.

The dispersion compensation controlling apparatus according to any one of claims 6, 9 or 11, wherein said polari-
zation-mode dispersion controlling unit [(220a; 90), (220a; 91), (220a; 241b)] sets a polarization-mode dispersion
control quantity in a polarization-mode dispersion compensator [(7a; 4), (7a; 4), (7a; 4)] disposed in said transmis-
sion line [(6a:3], (6a;73), (6a;73)] such that the intensity of said first specific frequency component detected by said
first intensity detecting unit [(3a; 13), (3a; 80A), (3a; 80)] becomes the maximum.

The dispersion compensation controlling apparatus according to claim 13, wherein said polarization-mode disper-
sion controlling unit [220a; 90], (220a; 91), (22a; 241b)] comprises:

a polarization-mode dispersion quantity detecting unit (14, 81, 81C) for detecting a polarization-mode disper-
sion quantity of said transmission optical signal from the intensity of said first specific frequency component
detected by said first intensity detecting unit [(3a; 13), (3a; 80A), (3a; 80)] by using a first function which is a
function representing an intensity of a frequency component in a baseband spectrum in an optical waveform
forming an arbitrary transmission optical signal and in which said frequency information and parameters show-
ing a polarization-mode dispersion quantity are variables; and

a parameter setting unit (15, 82, 82) for outputting a parameter setting control signal having parameter infor-
mation as a control quantity for compensating polarization-mode dispersion of said transmission optical signal
on the basis of said polarization-mode dispersion quantity detected by said polarization-mode dispersion
quantity detecting unit (14, 81, 81C) to said polarization-mode dispersion compensator [(7a; 4), (7a; 4), (7a;
4)).

The dispersion compensation controlling apparatus according to claim 13 further comprising:

a third specific frequency component detecting unit (12b) for detecting a third specific frequency component in
the baseband spectrum in said transmission optical signal; and

a third intensity detecting unit (13b) for detecting information on an intensity of said third spedific frequency
component detected by said third specific frequency component detecting unit (12b);

said polarization-mode dispersion controlling unit (220a; 1M) comprising:

a polarization-mode dispersion quantity detecting unit (14) for detecting a polarization-mode dispersion
quantity of said transmission optical signal from the intensity of said first specific frequency component and
the intensity of said third specific frequency component detected by said first intensity detecting unit (3a;
13a) and said third intensity detecting unit (13b), respectively, by using a first function which is a function
representing an intensity of a frequency component in a baseband spectrum in an optical waveform form-
ing an arbitrary transmission optical signal and in which said frequency information and parameters show-
ing a polarization-mode dispersion quantity are variables; and

a parameter setting unit (15) for cutputting a parameter setting control signal having parameter information
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as a control quantity for compensating polarization-mode dispersion of said transmission optical signal on
the basis of said polarization-mode dispersion quantity detected by said polarization-mode dispersion
quantity detecting unit (14) to said polarization-mode dispersion compensator (7a; 4).

The dispersion compensation controlling apparatus according to claim 14 or 15, wherein said parameter informa-
tion is at least either a delay quantity (At) between two polarization modes or a splitting ratio (y) of an optical inten-
sity to said two polarization modes.

The dispersion compensation controlling apparatus according to claim 14 or 15, wherein said parameter setting
unit (15) outputs a parameter setting control signal for setting said parameter information to said polarization-mode
dispersion compensator (7a; 4) disposed in a receiving terminal apparatus (7) which is a receiving terminal of said
transmission optical signal.

The dispersion compensation controlling apparatus according to claim 14 or 15, wherein said parameter setting
unit (15) outputs a parameter setting contral signal for setting said parameter information to a polarization-mode
dispersion compensator disposed in a transmitting terminal apparatus (10A) transmitting said transmission optical
signal or a repeating apparatus (214) amgplifying and repeating said transmission optical signal.

The dispersion compensation controlling apparatus according to claim 14 or 15, wherein said parameter setting
unit (15) outputs a first parameter setting control signal for setting a splitting ratio (y) of an optical intensity to two
polarization modes to a first polarization-mode dispersion compensator (7a; 4) disposed at an arbitrary position in
a transmission fine (6a; 3), and outputs a second parameter setting control signal for setting a delay quantity (At)
between said two polarization modes to a second polarization-mode dispersion compensator (7a; 4A) arranged in
a rear stage of said first polarization-mode dispersion compensator (7a; 4B').

The dispersion compensation controlling apparatus according to claim 14 or 15 further comprising:

a compensation quantity optimization controlling unit (31) for superimposing a predetermined low frequency
signal set in advance on the parameter setting control signal outputted from said parameter setting unit (37)
and controlling a parameter setting in said parameter setting unit (37) such that said low frequency signal com-
ponent included in the intensity of said first specific frequency component from said first intensity detecting unit
(3a; 30) becomes zero so as to optimize a compensation quantity of polarization-mode dispersion of said
transmission optical signal.

The dispersion compensation controlling apparatus according to claim 20, wherein said compensation quantity
optimization controlling unit (31A) superimposes two low frequency signals having low frequency components dif-
ferent from each other as said predetermined low frequency signal on said parameter setting control signal, con-
trols a setting of a splitting ratio (y) of an optical intensity to two polarization modes in said parameter setting unit
(37) such that either one of said two low frequency signal components included in the intensity of said first specific
frequency component from said first intensity detecting unit (3a; 30) becomes zero, and controls a setting of a delay
quantity (At) between said two polarization modes in said parameter setting unit (37) such that the other one of said
two low frequency signal components induded in the intensity of said first specific frequency component from said
first intensity detecting unit (3a; 30) becomes zero.

The dispersion compensation controlling apparatus according to claim 21, wherein said compensation quantity
optimization controlling unit (31B) switches a setting control on the splitting ratio (y) of an optical intensity to said
two polarization modes and a setting control on the delay quantity (At) between two polarization modes with
respect to time, and performs said setting controls.

The dispersion compensation controlling apparatus according to claim 14 or 15 further comprising:
a sweep controlling unit (56) for largely sweeping and controlling the parameters showing said polarization-
modea dispersion quantity to be given by said polarization-mode dispersion compensator (54) when a system
is actuated or the system is re-actuated.

The dispersion compensation controlling apparatus according to any one of claims 6, 9 and 11, wherein said polar-

ization-mode dispersion controlling unit (220a; 225) feedback-controls at least either a polarization controller (7a;
4B) or an inter-polarization-mode delay unit (7a; 227) disposed in said transmission line path (6a; 73) such that the
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intensity of said first specitic frequency component detected by said first intensity detecting unit (13) becomes the
maximum,

The dispersion compensation controlling apparatus according to claim 24, wherein said inter-polarization-mode
delay unit (7a; 227) is configured as a device splitting polarization-mode components by a polarization beam split-
ter (227a), giving a delay difference between said polarization-mode components by a variable optical delay path
(227c) and multiplexing said polarization mode components.

The dispersion compensation controlling apparatus according to claim 24, wherein said inter-polarization-mode
delay unit (7a; 230) is configured as a device in which a piurality of polarization maintaining fibers having different
polarization dispersion values are arranged in parallel and said polarization maintaining fibers transmitting an opt-
cal signal are switched by an optical switch [230a (or 230b)] according to a polarization-mode dispersion quantity
of said transmission line (6a; 73).

. The dispersion-compensation controlling apparatus according to claim 24, wherein said polarization-mode disper-

sion controlling.unit (220a; 225) performs a control in a first control mode in which any one of an azimuth angle of
a 1/4 wave plate (7a; 4B-11) , an azimuth angle of a 1/2 wave plate (7a; 4B-12) in said polarization controller (7a;
4B) and a delay quantity between polarization modes of said inter-polarization-mode delay unit (7a; 227) is
changed such that the intensity of said first specitic frequency component becomes the maximum while the remain-
ing control parameters among said azimuth angles and said delay quantity between polarization modes are fixed,
after said first control mode, performs a control in a second control mode in which one of said remaining control
parameters is changed such that the intensity of said first specific frequency component becomes the maximum
while the control parameter having been first changed and the other one of the remaining control parameters are
fixed, finally performs a contro! in a third control mode in which the other one of said remaining control parameters
is changed such that the intensity of said first specific frequency component becomes the maximum while the con-
trol parameter having been first changed and the one of said remaining control parameters are fixed.

The dispersion compensation controlling apparatus according to claim 24, wherein said polarization-mode disper-
sion controlling unit (220a; 225) performs a control in a fourth control mode in which any one of an azimuth angle
of a 1/4 wave plate (7a; 4B-11), an azimuth angle of a 1/2 wave plate (7a; 4B-12) in said polarization controller (7a;
4B) and a delay quantity between polarization modes of said inter-polarization-mode delay unit (7a; 227) is
changed such that the intensity of said first specific frequency component increases while the remaining control
parameters among said azimuth angles and said delay quantity between polarization modes are fixed, after said
fourth control mode, performs a control in a fifth control mode in which one of the remaining parameters is changed
such that the intensity of said first specific frequency component increases while the control parameter having been
first changed and the other one of the remaining control parameters are fixed, finally performs a control in a sixth
control mode in which the other one of said remaining control parameters is changed such that the intensity of said
first specific frequency component increases white the control parameter having been first changed and the one of
said remaining control parameters are fixed, after that, repeatedly executes said fourth contro! mode, said fifth con-
trol mode and said sixth control mode until the intensity of said first specific frequency component becomes the
maximum.

The dispersion compensation controlling apparatus according to claim 24 further comprising a compensation
quantity optimization controlling unit (24 1) for superimposing a predetermined low frequency signal set in advance
on control signals to be outputted from said polarization-mode dispersion controlling unit (220a; 225a) to said polar-
ization controiler (4B) and said inter-polarization-mode delay unit (7a; 227), and controlling said polarization con-
troller (7a; 4B) and said inter-polarization-mode delay unit (7a; 227) such that said low frequency signal component
included in the intensity of said first specific frequency component from said first intensity detecting unit (3a; 13)
becomes 2ero so as to optimize a compensation quantity of polarization-mode dispersion of said transmission opti-
cal signal.

The dispersion compensation controlling apparatus according to claim 29, wherein said compensation quantity
optimization controlling unit (241) low-frequency-modulates an azimuth angle of a 1/4 wave plate (7a; 4B-11), an
azimuth angle of a 1/2 wave plate (7a:4B-12) in said polarization controller (7a: 4B) and a delay quantity between
polarization modes of said inter-polarization-mode delay unit (7a; 227) with different frequencies, detects said first
frequency component intensity in the baseband spectrum of said transmission optical signal, and optimizes the azi-
muth angle of said 1/4 wave plate (7a; 4B-11), the azimuth angle of said 1/2 wave plate (7a; 4B-12) in said polari-
zation controller (7a; 4B) and the delay quantity between polarization modes of said inter-polarization-mode delay
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unit (7a; 227) such that an intensity modulation component of a low frequency component included therein
becomes zero.

The dispersion compensation controlling apparatus according to claim 24, wherein said polarization-mode disper-
sion controlling unit (220a; 225b) controls only said polarization controller (7a; 4B) during system operation, and
controls said inter-polarization-mode delay unit (7a; 227) at the time of start of system operation or when an ele-
ment determining conditions of polarization-mode dispersion in said transmission line (6a; 73) is switched.

The dispersion compensation controlling apparatus according to claim 24, wherein said polarization-mode disper-
sion controlling unit (220a; 225¢) comprises a maximum allowable polarization-mode dispersion quantity setting
means (212) for setting a maximum allowable polarization-mode dispersion quantity, sets a delay quantity of said
inter-polarization-mode delay unit (7a; 230) to a value above a lower limit value defined as a value obtained by sub-
tracting said maximum allowable polarization-mode dispersion quantity from one time slot and below an upper limit
value defined as a value having a magnitude twice said maximum allowable polarization-mode dispersion quantity
during system operation when feedback-controlling at least either said polarization controller (7a; 4B) or said inter-
polarization-mode delay unit (7a; 230) disposed in said transmission line (7a; 73) such that an intensity of a fre-
quency component corresponding to 1/2 of a bit rate as said first specitic frequency component detected by said
first intensity detecting unit (3a; 13) becomes the maximum.

The dispersion compensation controiling apparatus according to claim 32, wherein said polarization-mode disper-
sion controlling unit (220a; 225¢) sets a delay quantity of said inter-polarization-mode delay unit (7a; 227) at the
time of system operation 10 said lower limit value.

. The dispersion compensation controlling apparatus according to claim 32, wherein said polarization-mode disper-

sion controlling unit (220a; 225¢) sets a delay quantity of said inter-polarization-mode delay unit (7a; 230) at the
time of system operation to said upper limit value.

The dispersion compensation controlling apparatus according to claim 24, wherein said inter-polarization-mode
delay unit (7a; 230) is configured with a polarization maintaining fber.

. The dispersion compensation controlling apparatus according to claim 24, wherein said inter-polarization-mode

delay unit (7a; 230) is configured with an inter-polarization-mode variable delay unitin a state where a delay quan-
tity is fixed.

The dispersion compensation controlling apparatus according to any one of claims 6, 9 and 11 further comprising
a timing extracting unit (84, 84, 84) for extracting a timing of a received signal on the basis of said first specific fre-
quency component detected by said first specific frequency component detecting unit [(2a; 12), (2a; 79). (2a; 79A)].

. The dispersion compensation controlling apparatus according to claim 9, wherein said chromatic dispersion con-

trolling unit (224a; 240) sets a chromatic dispersion control quantity in a chromatic dispersion compensator (2064;
83) disposed in said transmission line (6a; 73) such that the intensity of said second specific frequency component
detected by said second intensity detecting unit (223a; 80B) becomes the maximum or the minimum.

The dispersion compensation controlling apparatus according to claim 38, wherein said chromatic dispersion con-
trolling unit (224a; 240) comprises:

a chromatic dispersion quantity detecting unit (81B) for detecting a chromatic dispersion quantity of said trans-
mission optical signal from the intensity of said second specific frequency component detected by said second
intensity detecting unit (223a; 808) by performing an operation with a predetermined second function; and

a chromatic dispersion control quantity setting unit (82B) for setting a chromatic dispersion control quantity in
said chromatic dispersion compensator (206a; 83) on the basis of said chromatic dispersion quantity detected
by said chromatic dispersion quantity detecting unit (81B) in order to compensate chromatic dispersion of said
transmission optical signal.

. The dispersion compensation controlling apparatus according to claim 9, wherein said chromatic dispersion con-

trolling unit (224a; 240) teedback-controls a chromatic dispersion compensator (206a; 83) disposed in said trans-
mission line (6a; 73) such that the intensity of said second specific frequency component detected by said second
intensity detecting unit (223a; 80B) becomes the maximum or the minimum.
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The dispersion compensation controlling apparatus according to claim 11, wherein said chromatic dispersion con-
trolling unit (224a; 241a) sets a chromatic dispersion control quantity in a chromatic dispersion compensator (206a;
83) disposed in said transmission line (6a; 73) such that the intensity of said first specific frequency component
detected by said first intensity detecting unit (3a; 80) becomes the maximum or the minimum.

The dispersion compensation controlling apparatus according to claim 41, wherein said chromatic dispersion con-
trolling unit (224a; 241a) comprises:

a chromatic dispersion quantity detecting unit (81¢) for detecting a chromatic dispersion quantity of said trans-
mission optical signal from the intensity of said first specific frequency component detected by said first inten-
sity detecting unit (3a; 80) by performing an operation with a predetermined second tunction; and

a chromatic dispersion control quantity setting unit (828B) for setting a chromatic dispersion control quantity in
said chromatic dispersion compensator (206a; 83) on the basis of said chromatic dispersion quantity detected
by said chromatic dispersion quantity detecting unit (81¢) in order to compensate chromatic dispersion of said
transmission optical signal.

The dispersion compensation controlling apparatus according to claim 11, wherein said chromatic dispersion con-
trolling unit (224a; 241a) feedback-controls a chromatic dispersion compensator (206a; 83) disposed in said trans-
mission line (6a; 73) such that the intensity of said first specific frequency component detected by said first
detecting unit (3a; 80) becomes the maximum or the minimum.

. The dispersion compensation controlling apparatus according to any one of claims 6, 9 and 11, wherein said first

intensity detecting unit (3a; 80) can output information on the detected intensity of said first specific frequency com-
ponent as a monitor signal.

The dispersion compensation controlling apparatus according to claim 9, wherein said second intensity detecting
unit (223a; 80B) can output information on the detected intensity of said second specific frequency component as
a monitor signal.

A dispersion compensation controlling method comprising the steps of:

a first specific frequency component detecting step of detecting a first specific frequency component in a base-
band spectrum in a transmission optical signal inputted to a receiving side over a transmission fiber as a trans-
mission line; :

afirstintensity detecting step of detecting information on an intensity of said first specific frequency component
detected at said first specific frequency component detecting step; and

a polarization-mode dispersion controlling step of controlling a polarization-mode dispersion quantity of said
transmission line such that the intensity of said first specific frequency component detected at said first inten-
sity detecting step becomes the maximum.

A dispersion compensation controiling method comprising the steps of:

a first specific frequency component detecting step of detecting a first specific frequency component in a base-
band spectrum in a transmission optical signal inputted to a receiving side over a transmission fiber as a trans-
mission line;

a first intensity detecting step of detecting information on an intensity of said first specific frequency component
detected at said first specific frequency component detecting step;

a polarization-mode dispersion controlling step of controlling a polarization-mode dispersion quantity of said
transmission line such that the intensity of said first specific frequency component detected at said first inten-
sity detecting step becomes the maximum;

a second specific frequency component detecting step of detecting a second specific frequency component in
the baseband spectrum in said transmission optical signal;

a second intensity detecting step of detecting information on an intensity of said second specific frequency
component detected at said second specific frequency component detecting step; and

a chromatic dispersion controlling step of controlling a chromatic dispersion quantity of said transmission line
such that the intensity of said second specific frequency component detected at said second intensity detect-
ing step becomes the maximum or the minimum.

096423741 | >




20

25

30

35

40

45

50

EP 0 964 237 A1
48. A dispersion compensation controlling method comprising the steps of:

a first specific frequency component detecting step of detecting a first specific frequency component in a base-
band spectrum in a transmission optical signal inputted to a receiving sikie over a transmission fiber as a trans-
mission fine;

afirstintensity detecting step of detecting information on an intensity of said first specific frequency component
detected at said first specific frequency component detecting step;

a polarization-mode dispersion controlling step of controlling a polarization-mode dispersion quantity of said
transmission line such that the intensity of said first specific frequency component detected at said first inten-
sity detecting step becomes the maximum; and

a chromatic dispersion controliing step of controlling a chromatic dispersion quantity of said transmission line
such that the intensity of said first specific frequency component detected at said first intensity detecting step
becomes the maximum or the minimum.

49. The dispersion compensation controlling method according to claim 47 or 48, wherein said polarization-mode dis-
persion controlling step and said chromatic dispersion controlling step are independently executed.

50. The dispersion compensation controlling method according to claim 47 or 48, wherein said polarization-mode dis-
persion controlling step and said chromatic dispersion controlling step are executed in time series.

69




EP 0 964 237 A1

FIG. 1

6a
Ta
{
POLARIZAT ION-MODE
§ *| DISPERSION RECEIVING SIDE
COMPENSATOR )
251a ) ’ T .
\‘—1 POLARIZATION-MODE] |FIRST SPECIFIC L+4—2a
| | pisPERSION FREQUENCY COMPONENT [ |
CONTROLLING UNIT | |DETECTING UNIT
220a _|A L
. FIRST INTENSITY  }—_
' 1  DETECTING UNIT ~3a

70

BNSDOCID: <EP 0964237A1_1_>




EP 0964 237 A1

30Q1S ONIAIFDIY -

-~

. 1INN ONLLD3LIA pg22-|  LlINNONILO313a | .
og ALISNILNI LSYI4 ALISNILNI GNOI3S
0022 LINN
e [ i (A et Bl Lo
. JININONOD AININO3MI| | oo notivaimod _/]AN3NOJWOO AININO3Y nLLvWouHo| i
02 \ﬁ ~ 014193dS 16M14 0222 13103dS ONOJ3S
7" - - ) \
) o2
qise f N
\_ YO1VSNIdNO0D HOLVSN3dWO09
NOISH3dSIa NOISY3dsIa
300W-NOILYZINY1Od JILYWOUHD
0l 0902
09

4

914

ral

M e



EP 0 964 237 A1

g 1INN ONILD313q
ALISNILNI 1S414

1 1INN
LINN ONILD3130] | LINN ONITIONLINOD | ~0022 ONITIONINOD
- ININOJWOD AONINOIH Noisy3dsia - /| Noisuzasia
_.[ J13193dS LS¥13| |3QOW-NOILVZI¥VIOd op2e | OULVIWONHD
/
o162
\_ HOLVSNIJN0D HOLVSNIJINOD
30IS ONIAIFIIY ~ NOIS¥3dSIa NOISH3dSIa
300W-NOILVZidv10d OLLVWONH)
02 0902

€ 9ld

09

N

0964237A1_I_>

BNSDOCID: <EP.



EP 0 964 237 A1

Ot

4
Z

I 2~ 4d8 3 40103130 ALISNILINI
- D)
.~ LINN ONILO313Q
-\ ALULUNVNO NOISYH3dSIa
300N -NOLLYZINYIOd
. i L 06
. Y3AI303Y dINN ONILL3S H
b 010Hd H3ILIWVYEYY [ _.-7 Gh
] X N
l
J%R__”‘zoow YOLVSNIdNOD 17 : 7,
. 1INn
ONIAIZO3Y
WILLIO /
. w\ 1NN
[ ONILLINGS TWOULdO: G TONINOD 2 W
) HOLVYSN3IdNOD aNn
¥3AIZO3Y WOILLO: ) NOISH34SIQ 300N -NOLLYZINYIOd : NOISSINSNVHL
IIILdO: ¢

v 9id

Y3L1LINSNYYL
IvIIldo

/9 8

73

0QR4APATAY 1

BNSDOCIDr <FO



EP 0 964 237 A1

TUNOIS T1ONV  TUNOIS 319NV

YAt~ 1 [ 14-€1-0b
! y
- - ALVd <] 3LV
e/X 1ZA¢ R
. ~1i-ap
) N
ci-ab av

(dNd) ¥38i4
ONINIVANIVN NOLLYZINY0d : b-Yb

S 9ld

74

0964237A1 | _>

BNSDOCID: <EP



EP 0 964 237 A1

o o])

4d8:HZ0}
) A pa
HOLINOW
V' rzor awd [~ T zrzop {0
1201~ (Td) LINN] 920,
ONILOVHLX3 ONIWIL :
ZHOO} 503
LINn| f44-a Xnwaal |l 1.
oNIAZo3u[™] 1an 94 =T1woiLdo N
dzor 3201 4201 220+ Vgzor wzou

™

H3AI303Y IVIILHO : 201

9914

A}
YILLIWSNVYHL TV2ILdO : 1O}

€0}
——A— :
, Wato

v 3/Q90b Wu2gg)
doivwa | 4 dotvinaow] [

aWd WI1LdO N

Vel
mw_‘ Jlob  8I0s viot
9d : 0} -\

75

NARAATAT |

BNSDOCID <EP



EP 0 964 237 A1

FIG. 7
i ) Y
10%€ 4 A 105B
\\! 7 _[oPTicAL ,
DELAY
- PBS | PBS| +
[OPTICAL
~—=1-7 |ATTENUATOR 105D

\105C

76

BNSDOCID <EP_  ____ 0964237A1_1 >



EP 0 964 237 A1

FIG 8(a)

FIG. 8(b)

] L 1.1 a2
At =10 ps
CYIT 1 ) AN D D I |
I S 1111

FIG 8(c)

ol
FIG. 8(d) SoThinseLn
At =17.5ps
FIG. 8(e)
At =25 ps



BNSOYYID FD

0ORLPATAL |

Power penalty (dB)

40 GHz Intensity (arb.units)

10

EP 0 964 237 A1

FI1G 9

LY

1.0

05

LIRBLELER BRI

40 Gb/s OTDM
r=0.5

I NS R NN )

o< 1-4y(1-7)sin?(®feAT)
,/ fe=40 GHz

-~




EP 0964 237 A1

FI1G 10(a)
3
- 40Gb/s OTDM

o |k AT=125ps
B L
> 2r
8 [
& I
o L.

00

FIG. 10(b)

> 15
= 40 Gb/s OTOM
5 AT=10ps
£
g 1
2 I\ 1-47(1-7)sin?(7- fe AT) /)r
§ - ‘Q\ fe=40GHz ;’/
L 05) K ’
~ B \\ »
o - e s
(O] - -
(o) L \‘\._,”
< 0 | 1 1 ) I 1 [ 3 !

001 0203040506070809 1

Y




EP 0 964 237 A1

dd8: 321}
£

Okl

IHOS \
HOLINOW
o [*1E1% | Sh
~dzu/ azu | P / E4
1 \ |r
A A dolvnwal, 4
ONIAIZO3Y __ 1 QWNd QCJ
[
ozn’ azh _ve | ! d:bh
ek

N
Y3A1303Y WYIILdO : 2}

/

o111}

ZYUN 8/90F wuzgG) _

YOLVINAOW
vIlLdO

a7

ﬂm:_.

Vi |

dNS: yeLl .ExOn\

TRTE

\

)
H3LLINSNVYL TVI1LdO : |} )

096423741 1 >

BNSDOCID- <EP



EP 0 964 237 A1

w/0 TRANSMISSION ‘ SMF S0km
FIG. 12(a) ' FIG.12(f)
AT=0 ps
3 =
FIG. 12(b) R FIG. 12(g)
[}
_{ 1 | |
AT=30ps
] T
FIG. 12(c) HA =" FIG. 12(h)
lr i |
AT =40ps
o —J
FIG. 12(d) == FIG. 12(i)
o e i e
AT =T0ps
E I =
FIG. 12(e) : FIG. t2(j)

AT=100ps AT=100ps

81




EP 0 964 237 A1

FIG 13

10
10Gb/s NRZ
g : rY=0.5
.>_‘ -
§ S| w/o transmission 1
: R
z B
[ with SMF 50km
o) 1 {1 1t i
@ <1-47(F Nsin¥(xfedT)
:‘;': 1.5 ‘.,;;’ fe=5 GHI.
LD
s ’,I i\\ - -—1V
=10 .L,.‘ .\:Mh SMF 50km
e - L SR N
2 " N N
= 0.5 L
- 0 5; w/o tmnsmissi} o .
(L) = ~- ~
0 ol—+ 1 1 1 1 1 )‘
(o) 20 40 60 80 100

AT (ps)

82

e YN .20 NORAPITAC 1 S




EP 0 964 237 A1

FI1G. 14(a)

- 10 Gb/s NRZ
AT =50ps

w/0 transmission

Power penalty (dB)

L) L) L] [ LI L I T 7 7

O(
o
o

FI1G 14(b)

[ 10 Gb/s NRZ
AT=40ps
N ”’705 I-47(?-)’)sm’-(1t-febr)-/

~ " /
a
e/ with SMF 50kmpy .-~
/. T
/ -
\..l ",’
“N I ’_.o-".
w/0 transmission

Ve

1.5

Iq'l"

¢
’

0.5

lfl‘l[l

5 GHz Intenslity (arb.units)

L 1 1 il 1 )] 1 1 1
00 Ol 02 03 04 05 06 07 08 09 1

Y

83

aMary Y in 5o AEANITRS T L




EP 0 964 237 A1

- K
indino N
NS
$/99 Ot
Howis TNId|| - 3ovis om_f_ 39V1S ANOD3S _f 30V1S LSuid X
LINN ONIX3dIONWT X \
VIILdO ;502 LINR ONILLYINAOW LINA ONIHOLIMS
1NN Viva:202 T W0ILd0 402

ONITIOHLNOD ASVYHI: €02

-\ -

/

002

Gl 914

LNdNI
1HO1T
MD

NORADITAC | <

-£0

anarvy ir.



FIG. 16(a)

F1G. 16(b)

FIG. 16(c)

EP 0 964 237 At

(D 20 GHz OPTICAL CLK WAVEFORM

w Can o-o--o: o ime

H.20ps/div.

@20 Gb/s OPTICAL RZ WAVEFORM

H.20ps /div.

(®40Gb/s OPTICAL MUX WAVEFORM
1 1] [

~ H.20ps /div

85




EP 0 964 237 A1

4
\

. ] €12
4 9} \ €l \
LINN .
1 |oNILOVYLIXT [ 348 % 40193130 ALISNILNI
ONIWIL
] J : :
v8 ¢t 1INN ONILoaL3a [ Yt

« | ALLLNVNOD NOIS¥3dSIa

. 3AOW-NOILYZI¥Y0d
3 T 06
i | j—| ¥3AI303Y LINN ONILL3S |
N}/ O10Hd _ ¥3LINVEY ci
~ouiins _|-uovsNaawos 2 1y
LINA
+ | ONIAIZO3Y [ =
IV31Ld0 /
W LINA :
ONILLINGS WIILHO: G TONINOD 1V
— : : /
\ YOLVSNIJWOD 3NIT
Y3303 TVDILdO 1 ) NOIS¥3dSIQ 3Q0N-NOLLYZINYOd : { NOISSIWSNYNL
. WIILdO : €

Ll Old

H3LLINSNYYHL
VIIldo

$/q9 @

86

1>

7A1

BNSDOCID: <EP.



EP 0 964 237 A1

1INA 9NiLo3L3a Yt YOI2
ALLINVNO NOISY3JSIA 3Q0W-NOLLYZINY10d W —
-3 - 1—- .
gy 120123430 AUSNIINY ¥0.103.130 ALISNZLNI
: og} L] v Gl
° ° .
nml. 4d8 g 4d8 9 ( -~ 006
§ D2} { 1INN
ONILL3S
¥3AI393Y OIOHd ¥3A1303Y OLOHd (4313w
\. / ) Jﬁ °
/ qi oL} —_— az_mm«_z&,_
W L ,
) ) qUNOIS . A
| ot | MOLVSN3AWOD 17 : vt p;
1INN Y3LLINSNVNL
ONIAIZO3Y
WIILdO WoLLdO
97/ tzy $/q8
ONILLMS WOLLH0:0G0Z  _ .~ i
i — "
J mo.Emzm%oo/ NOISSINSNVAL
. NOIS¥3dSIa
HILLIASNVHLAVOILO :0L02 S0 NolLvziaviod: b TILdO i€

81 9

|4

87



EP 0 964 237 A1

} VoI
] i .
2
| 21] 448 % || woroaiza avisnaini ~€ 06
| - . l
> gl
Y3AI303Y LINN ONILD3130 1Ny (1T~
OLOHd [ : JALLINVNO NoISH3dSIaf-=]  oNLLL3S H-
7 ﬁ 3Q0W-NOILVZINVI0d| | 4313Wvavd
1 vV : -
TYNSIS TOHINOD
ALILNVNO NOILVSNIINOD
HOLYSNIJWOD
- NsEsass . fuairpaon], foosncs
. 113001 -NoLLVZI¥VI0d '
A :,7 & : ALY 7
Vi oniLtinas T04INGD £ ‘3¢ g 8

WIILdO: G ©/
3NIT NOISSIWSNYYL

WIILdO: ¢

L

/7

YALLINSYYL TWOILdO : 2 7

6l 914

0964237A1 | >

BNSOOCID <EP



EP 0 964 237 A1

sNivdvddy

ONILYId3Y : )2

HIAIFOFY

/o

\

valldo

J

ann
NOISSIWSNV L
WoILdO 1§

Vi

: - - ol 2(0] 74
H 9 ( \
1 2l~] dda 9 |—={ 40103130 ALISNILNI
1 HIRY!
P LINA ONIL3130 | i}
/ ALILNVNO NOISH3dSIA
- 300W-NOLYZidY 104 | [T ~06
_Auanzoa) LinoHD || Rk SN
{7]__Oiokd ONLLL3S y3.3Wwivd [T ) =~
..m_n.w%ww | Howvsnadmod b
1INN .
ONILY3d3Y [ -
TVILLHO .
4 1INN
4 ONILLITdS
! Waldo: G TOHINOD 2V

|

43AI303Y WILHO &/

Y HOLVSNIJWOD NOISY3ds!a /

ANl

300N-NOILVZINVI0d :{y NOISSINSNVHL

o2 914

WIILdO : ¢

H3LLIASNVYL
Ivoildo

s/qQ 8

89



EP 0 964 237 A1

. . 2 g01
1INN ONILI3 130
mm%w%& ALLLNVNO NOISY3dSIa
- | 300W-NolvzZixv0d
m@\ ZH 9} /
74
4d8 o 06 \mP
i | _ : i
43IAIFD3N 1IN2410 LINJNID
~1 “olond| ;|oni3sh—vgi 861~ onir13s! !
Wi ﬁl 2y 4
) UNSIS T0HINOD TUNOIS T0NINOD
ALUNVNO NOILYSNIEWOD ALILNVNO NOLLVSN3dWOD
Vb L
¥3IAI303Y |, M 4o1vsNIdWoD yoLvsnadwoo |, [uoivinacow]  [Eoanos
IVII1do 1y [ Y, WIILdO 1HOIT
J .:z:/ s/q4 f
9 ONILLINdS TJOHINOD 1V TOHINOD L ab 6 8
WIILdO G '
i 7 annn ) 7
¥IAI3O3Y WIILdO : g / NOISSIWSNVALL HILLIWSNVYL TVIILdO : §2
WIILdO : €

b

¢ 914

. 0964237A1 1 >

BNSDOCID: <EP |



EP 0 964 237 At

201

! | yoroat3a
ALISNZLN!

i
el

IH ©}

dd8 9

¢f\

1INA ONILD3130
ALILNYNO NOISH3dSIa
JAOW-NOILYZINVI0d

7
L

Sie

Z

1

VGl

21 —l._._aum.u ONILI3S 1V

\

1INJA1) ONILL3S _

vgic!

SIXV TvoI11dOo _ H

YNOIS 0HINOD
ALLINYNO NIOLYSNIIWOD

ONILL3S
SIXV IvI14dO

e —

LiNNn

ONIAIZO3Y
VolLdO

-
9

1INJYID

ONREJILINN

g

AN3IW373
AV3a
N8VINVYA

H3AI1303y

l
Z

O1OHd

)
6}

_._omkzoo v

//w_

rm_v

Vil

A

Y3AI333y

O.LOHd

S8d

HILLINSNVHL
vIolLldOo

PA

3NN
NOISSINSNvYL

i TVOlLdO::

¥3AI393Y WIILdO : )7

22 9ld

s/q 8

1

91



EP 0 964 237 At

2
Z

Y3LLINSNVHL

v LINN ONILD3130 |« 206
80153130 ALLINYNO NOISH3JSIA B
ALISNILNI 3Q0W-NOILVZINV0d
M—\ ZH 9} . \.\.m— qaol
11no815 1inoun| H. gz
i A9 sz |V
21 T~ vl
N VA - - N
aclz VYNOIS TWNOIS -
-I041NOD TOHINOD  Y¥3AI3D3Y TWIILHO: QL
. y . . \.\
bo] ¥/ _ _
AN3W313 [ S inawana 43A3034 |, u3zidviod |,
. = [|38viava ﬁ W30 O10Hd £X
3 ALISNZLNI 378VI8VA / 4
@ ~ 34 o202
S| a8}
1INN o
ONIAITOIY Z AIN3IWIT3 IN3W3T3 wmw.__.w%mm szEﬁwm
01LdO 3 | | 2p802A JUAEL
' 7 2 ALISN3LNI 378vVIdvA / ; /4
9 5 5 708INOD 1V it 802
3| 8y V8l
6! L vawaa ¥3n303u | Ju3azwviod|
378vVI¥VA OLOHd X
im.\ ALISNZINI 7 7
JOMINOD £d'2d " bd It voz

NOISSINSNVHL

€2 914

valldo

5/q 8

3N
IvolLdo ¢

.._0964237A1 | >

BNSDOCID: <EP



EP 0 964 237 A1

8¢

1INN Y3A0-ONIONVHI HOLIMS

0]
- : - \\
e
. o (Y
! Of  yge co ¥ N L€ .68
) 5) NVm 3 TUNOIS I
‘ Linoud | |osinos| Linouid -
(2}]¥0103130 (3) ~
o SR ot sl Sl || [T
7 ] Hoe -
. 62 H 9} IH 0} UOmﬂ 4 V8E {0} |
43303 1IN ONIL53130 LINDHID
7 ALILNVNO NOISH3dSIa 1 ONISOJWININS [~
i 82 o¢ 300N-NoUyZidviod] gt || AoNanoaus mon] o
(q) acé
: : : : : y
LINN HOLVSNIIWO NOISH3dSIO |, HILLIWSNVEL
ONINZO N 300W-NOLIYZINY0d IILdO
1 $/q 8
gz - vz’ T0H1NOD 1
~\l
H3AI303H WIILdO: 22/ NN

v2 9ld

NOISSINSNVY.L

WOILdO:§2

93



EP 0964 237 At

FIG 25(c)

FIG. 25(a).

>
— Time

<

YO

PR
'

m ,,
MBE:
F\/

- g—tee .
Alisuajuiz a3

- >

1/ fo

Liisuauy 24 3y

o /.'-\-\\\l://’(\
SREET DEEE
< olll\\\\.llllll ’

- e
2 o371

N’

Te)

N

O

L

0964237A1 _I_>

P

BNSDOCID: <E



EP 0 964 237 A1

FIG. 26(a)

AT

-+
ezwﬂew L ————————— —=TIME

FIG. 26(b) -

OPTIMUM  _ __ _ __ __
VALUE —>TIME

SIGNAL
INTENSITY be—rt/tc—+ V fe

FIG. 26(c) o m....nlm N nm Tl
UL e i uw vlm

SIGNAL
INTENSITY

F1G. 26(d)

SIGNAL
INTENSITY

FIG. 26(e) 0 NN L TiME

o TIME

SIGNAL
INTENSITY

Flieaetfy .
. N_— —»TIME

| N’ N’
SIGNAL
INTENSITY

FIG 26(qg) }_

ol— ————— e ————TIME

95




EP 0964 237 A1

o
8E~{LINN HIAO-ONIONVHO HOLIMS| / t
: . —
ve
| '
og¢ vee €¢ o N\
. N g \ . -
40153130 N / Lnoin |; NI 1inouin
ISNILN | |oNiivawod ONILLIS
ALISN3 _L.oVo 48 9% =1 35vHd H3LINVAVY
g/ nomA ; . /Nm
. LINN ONILO3130 _ )
4d8 o} ALLINVNO NOISH3dSIA i~ | ] ONISOJINININS e
N\ 3dOW-NOILYZINYI0d _l\,ozu:omE Mo
62 ! pp— 3
9 eg mm
Y3AI3I3Y 82 €
: 010Hd
) '
sanoan], 1] HOLVSNIJWOD Noisyadsia |, Juoivinaow |, f3ounos
31140 300W-NOILYZINY10d WIILdO[™ ] LHon
\ 1INN TOMINGD 419\ s/ g )
v.2 ONLLLINdS ve e 14
WILdO : G2 . . -—
3N H3LLINSNYYL TYIILdO : Y22/
NOISSIWSNVAL
IVOLLIO : €2

12 914

e aAmTA 1

aservvn oo



EP 0964 237 A1

1INN - ) ) )
H3A0 . -
~ONIONVHI | | Fai0193130 ] ! 8ov
HOLMS | | | ALISNZINI gz¢ V2
R v 5 Madgzr | |adem ——t
8¢ 4 0¢g vee aeg Y 3
- / \
Ve LINdY1 Lyl .
»] ONIHVAWOD| | ONINVAWOD [
448 o) I P 3SVHd 3SVHd e L -vig
A .
POS m,%u ) 11N2819 1102815 L
62 J{oniLiss| foniLL3s
1
43A1393Y ‘ | - ¥ Ilvie | |
01oHd LINN ONILOZL3a 1IndY1D 1INou1o ‘
\ | ALIINYNO NOISH3dSIA | | Led ONISOdWIN3ANS| | ONISOJIWINZANS
gz 3A0W-NOLLYZINVI0d | | 241 AIN303u4 mo ANZOIUI MO M LI
. ~ o . vee
9g/  acet . : .
oy i mozmzmn_sww HOLVSNIAHO A S R
i LINN . * s/q g N
vie wz_t:a —- X _ /N¢ W
WIILIO: G2 \ Y . . 7
ann <¢N c-vtd b-YbZ YILUWSNVYL TVIIL0: Q22
NOISSINSNYY.L
WIILHO : 2

82 9l4

97

B e e it



EP 0 964 237 A1

FI1G. 29

24A 23:oPTICAL
229:0PnCALTRANSMITTER 2;;\4 ( 2?A-2 (e SHission
c i
. 25:0PMICAL
41 42 +- 4 SPLITTING  27A
AN Y7Vl - Wﬁ {
uGHT | [oPmica i o ;
Sounce | toousror Helconpensator COMPENSATOR . h RECEWER
380 38E
a 8 RY-T]
Y W 3 |
- ‘ -
- FROM SWITCH
a3 CHANGING-OVER
2 UNIT 38
C § 44
ooms| [Sopemamcnicr] fer a7 |Lowrrequency] |y (i
circult| | cireuit -%o"- cireum e | [Eae
L wal N 28 .
35A r )Y l 358
ar )4
] [ saerrmc 36 SETTING [~ —37B 90d ."mo/
BTAE CUIT o CIRCUIT RECENER
—
' 3 =T ee] — te3
e o §§° 36
. - S =
&=
fo(~ ] g||Pocareation- /
PHASE § ODISPEPSION
34 fo COMPARING Y fo RPF
33— "|CiRcuT D ECTING
32 fo 8PF FROM SWITCH '
(:p: CHANGING-OVER
—_— . 1 [owr ie ;o
3187 INTENSITY
DETECTING
— UNIT
38A
- 'r - -
3987 38 T
SWITCH CHANGING-OVER UNIT
40C

BNSDOCID <EP 0984237A% ¢ >




EP 0964 237 A1

LINA ONI1D3130
ALILNVNO NOISH3dSIQ
3Q0W-NOILYZIdv10d 0S
19—t
¥010313Q
ALISNIINI NG
ZH 9) /om
i 661 3d8 9 : Wm
‘ LINN
- Juaniaoay
ONITI081NOD
mm\ 010Hd d33IMS
12N ‘ .
YETYERED N O a0 [wawvnaow]. [35ancs
IV211d0 M s on-na s d3as1d volLdo["] LHon
Ji .:_7 vaaN
LS ONILLINGS 1V 40 L d33MS €9 29
WIILdO: GG : . .
3NN ¥3LLINSNVEL VDILdO: 26/
NOISSINSNYAL
IILdO : €

Og Old




FIG. 31(a)

FIG. 31(b)

NORATEY T

EP 0964 237 A1

ﬁ,-AT

|
i
1
oy [
(7, ]
c |
o |
. |
~N |
T | MINUTE
© | CHANGE
- I
i
L
ATy AT, AT,
1
i
{
2>
@
[ =4
2
=
N |
T
-+
[V

100




EP 0 964 237 A1

LINN ONITIOYLINOD NOILVSNIJWOD QWd:G22

.

J

€l

o012

2/8 =9 {
. H o)
2 4d8 o 80153130 ALISNILNI |
B \\\
b H3ALI33E | L33 311 0 Ny Linouid eNILLTS uy'g'al: oo
YNOIS TVNOIS TYNDIS
J0H1NOD JOHLNOD JOHLNOD
i i ) -~ =
LINN r LINN AV33Q .
ONIAIZOZY i

IvolLdo| 11V

)
9

LINN ONILLINGS

aviildo:G

-NOLLY 218V 10d-43LNI |

[

)

T0Y¥INOD 21V

_
378vVINVA moos_ f= m

YR A4

.

|
|

¥3TI0MLINOD
NOILVZINVI0d : 8

4
)
Y3LLINSNVYL
ILdO
/9.8
41v
3NIT

¢ NOISSINSNVY L

02027

2e9ld

qviiLdo : ¢

101



EP 0964 237 A1

IVNOIS

IYNOIS

AVYNOIS

T04.LNOD TOYLNOD  TTOHLNOD
2,22
a622 ftz: AVI30 | D622 -8t Lci-at
AY21.1dO = . — —
378VIHVA
31vd|_ | 3Lvd
sad S8d~— 2\ b/
_ JOLVNN3L LV _.l h A
w avolldo w ) Y
pL22 0 ice 2i-ay  11-8y
az2e _ ab
i — .
)
122

£¢ old

102

006423741 1 >

BNSDOCID <EP



FIG. 34(a)

22%9a

I

EP 0 964 237 A1

FIBER
229b

-

FI1G. 34(b)

228C:REFLECTING MIRROR
228a 227¢
- %
] - |/
LENS ,
: REFLECTING :
: LENS MIRROR
i
“MOVE

METHOD OF USING REFLECTING MIRROR

2290 2280 228d: CORNER
] CuBE 227c

- e, ./
FBER |\ L/
229b 228b | |
)

:
FIBER

-LENS

MOVE

METHOD OF USING CORNER CUBE

FIG. 34(c) 22T
229a : 229b
| 2280  228b~ N |
S I
FIBER LENS “FIBER
LENS -—
MOVE | MOVE

METHOD OF MOVING FIBER

103




EP 0 964 237 A1

FIG 35

~230
. /
|
230a PMF__530¢1 23;0'3
o o
X 230c2 |3
Y ()fra o
= =
o 230c3 w
a ~ a
T ‘ T
CONTROL CONTROL
SIGNAL SIGNAL

104

BNSDOCID: <EP______0964237A1 1 >



EP 0 964 237 A1

FIG.36.

|
INITIAL SETTING [~—A2 .

) ]

Y

i+t mi=+{,n1=4+1 |~ A3

/
SET TO a-=—a+fi-at(a1: ANGLE STEP) }— A4

DOES fe(Hz) COMPONENT \ NO
INTENSITY INCREASE ?
AS YES

h=—-L21~—A6
]

i
SET TO a-=—a+fi-as(at1: ANGLE STEP) H—A7

y
YES/ DOES fe(Hz) COMPONENW\. A8

INTENSITY INCREASE ?
NO

SET TO B=PB+m1-B1(B1:ANGLE STEP) }~A9

DOES fe(Hz) COMPONENT \ NO
INTENSITY INCREASE ? |

A10 YES

Mt -m1f— At1

® ®

105

BNSDOCID. <EP 0964237A1 _1_>




BNSDOCID <EP

EP 0 964 237 A1

FIG. 37

@

A1S

SET TO B=pB+m1-B1(B1: ANGLE STEP) |—A12

{YES/ DOES fe(Hz) COMPONENT Al3
: INTENSITY INCREASE ?

NO

SET TO Atrc<Arc+ni-Ar1 (Ari: DELAY —A14
QUANTITY STEP)

DOES fe(Hz) COMPONENT NO
INTENSITY INCREASE ?

YES |
nt=—-n1p—A16

i

YES

SET TO Arc<Arc+ni-Ari (Ari:DELAY }—A4T7
QUANTITY STEP)

1
DOES fe{Hz) COMPONENT A18
INTENSITY INCREASE ?

NO

0965423741 | >

106




EP 0 964 237 A1

LINN ONITTIOHLNOD NOILYSN3IJWOD ozm"nmNNp

b}

m.f 3012
2l 1~—{ dd8 9} YOL93130 ALISNILNI '
922
\
~4] ¥3ai3o3y pry
W15 long | ]13%17 3HL 80 ndd) LINJHID ONILLIS 919 ‘g *Dler - NELTEL
| 3HL ¥O IWIHIS |
. . . - ] NOILYINAON |
'3JoNvisia |
IYNOIS WNOIS UNOIS NOISSINSNYAL |
T0HLNOD J0H.LNOD TOMLNOD  ‘3LvH 11@) TVNOIS |
QZ_ZIo._._Zm WNHOd |
— - - . - - - OISSINSNVYL |
* N— m¢ L -|U\_v:|m¢ “
LINN LIND Av3d ' LINSNYYL
ONIAIFOTY | 378VIMVA 300W fat—| 347111 3LVAd 1o} . T
voiido| 11V -NOI LYZI¥Y10d-H3LNI X X _ -
w w T0MLNOD 017 ._omhzn% 048.LNOD > /98
LINN ONILLINGS - o
WOI1d0:G l2e r i . _ 417
zu._._omE_oo 3 aN
: NOLLYZI¥V0d : BY » NOISSINSNYYL
0 i . ) i . i ] qVIi4dO : ¢
0202”7

O 9ld

109



EP 0 964 237 A1

108

6¢ 9ld

801953130 A
* [ ALISNILNI R } - ) . .
w aoie
2¢€2~ g2¢e veee
€l . 448 €4 4d8 2} N 4dg 4} ¢ \
. J¢ge geee veee '
\ L1INJYI1D \ LINJYID GENE]
4d8 |1 o] ON1dYdW0o ONIHVIWOD ONINVAWOD :
2 3y } 3SVHd e 3SVHd 3svHd| Y
. _ ] [ - i VbeS
" m( ML AT 1102419 t:om_u@ A
e\ /! | oNtLL3S 21w &l_ ONILLIS g ONILL3S D _ 0!
e * = w S
« | u3animoay| . | ObES Duf2 avee aige viee o v N2
OioHd IGENE) LINoYID LINJH 1D
f ! 9NISOJWINIdNS Ll onisogninadns| | oNisoawiy3dns ' 0gzz
| © o S 2 oN3ND3Y 4 MO ¢} | xoN3ND384 MoT| JAoNIno3MA moT| Y
_ sz~ asez/ - i
. - T T T . . . vees
_ LINA Tnn waaa] o NTval R oY
' i v di W
ONIAIZOIY M 378VINVA 300N 2 [ vy .,._utf‘w._mmw
Y21 1d0 T -NOILYZINV10d-43 LNI T ._om»zoo_ 0
LIND '
! M ONILLINdS w T041N0D 2V L g b ¢
_ Wo1Ld0:G 122 . —
. . . . . . ) NOISSIWSHRA
| H
¥37TOHLNOD NOILVZIHVIOd: 61 INSNVAIL

0964237A1 | _>

BNSDOCID: <EP__



EP 0 964 237 A1

LINN ONITI0YLNOD NOILVSNIdWOD OWd:G22
. . . ] b . -
el
2’8 )
_ 21 o) 3 4042
2t 4d8 3 40103130 ALISNILNI | +
' 43A1303y 1IN2HID ONILL3S
.h O10Hd 212~ g‘o
IYNOIS IVUNOIS
704 LNOD I04LNOD
[ ) ) ) CTE - i e
el mvﬁq - -— Hi-8b ,
. LINN LINN Ava3a] . I
ONIAIZO3Y [~ 378VINVA 300W mevi o B H3LLWSNTYL
Ivoiido| 941V -NOILVZIYV10d-H3 LNI /X v/X _
J w 017 3x1d | I04INOD T0HINOD | $/q 8
9 LINN ONILLITGS g D
' IVIILdO:G oge . 41_ 41V
zm._._oE.?__mu 3 INIT
. NOILVZINV0d : 8% I—-L 1
L . “ . . . . . J VOILdO : ¢
Q027

v 'Old

110

00R423741 1 >

BNSDOCID <EP



EP 0964 237 A1

IYNOIS

IJOHINOD
9 (0] 04 8y e
{ { ! . { )
LINN LINA AV130 Y3T04LNOD H3LLINSNYHL
VTid0| 22V | -NolLozay i 200N 1~ c5eZ | NolLvZidw10d ] W2l4dO
. : §/q g

41y

. . .

)
q.l0S

St old

i1

R



EP 0 964 237 A1

ps2z,

\

112

_ 2/8 =3} m—/
. IH 84 I 9012
2 4d8 9 ¥OL93130 ALISNILINI W
b Y3AI1323M LIndHID 9NILL3S
. . -
r 010Hd 2z~ g'o
WNOIS IVNSIS
704.1NOD JOHLNOD
—- - - . ST - - 2
cl mvﬁﬂll  ——— .I\.l:.mv (
| ozs.wn_vmm - 131va] | 31vid L zmt.__:wz<5
wolLdo| 11V \o 2ry /Y v311d0
) I€2 | 104LNOD T081NOD | /9.8
S LINN ONILLITGS o1y g D .
. Vo1Ld0 : G 4Wd _! g ) _ A
¥3704LINOD N
. NOlLvzigviod:8y | o 3NN
L - —- . . . ] IVII11dO0 : ¢
2,027

et 9|4

NCRa2ATAL Y 5

ANSIYY I ~ED



EP 0 964 237 A1
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"FIG. 46(a)

20GHz Intensity(40G NRZ;10ps+PC+10ps;r=0.5)
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FIG. 47(a)
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40-GHz Intensity (a.u.)
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MONITOR VOLTAGE
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FIG. 71(a)
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40-GHz intensity(a.u.)
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FIG. 72(a)
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Power penalty (dB)
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FIG. 74
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